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Secretary to the Editorial Board, (Biochemical 
Journal), The Lister Institute, Chelsea Bridge 
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purchase additional reprints if he notifies the 
Press on the appropriate form immediately the 
proof of the paper is received. (Communications 
respecting the purchase of reprints should be 
addressed to the University Press, Cambridge.) 


General. Submission of a paper to the Editorial 
Board will be held to imply that it presents the 
results of original research not previously published, 
that it is not under consideration for publication 
elsewhere, and that if accepted for the Biochemical 
Journal it will not be published elsewhere in the 
same form, either in English or in any other lan- 
guage, without the consent of the Editorial Board. 

Contributors who reside outside Great Britain 
are requested to nominate somebody in Great 
Britain who is willing to correct the proofs of their 


papers. Papers from such contributors should be 
accompanied by a statement of the number of re- 
prints required. 

Unless confusion would otherwise arise, con- 
tributors’ names should appear as initials (but 
female authors may use one given name in full) and 
surnames only, without titles or suffixes. The name 
and address of the laboratory where the work was 
performed should be given. Any necessary descrip- 
tive material regarding the author, e.g. Beit 
Memorial Fellow, or details of financial support, 
should appear as a footnote on the first page or, 
preferably, in the Acknowledgements at the end 
of the paper. 

Typescripts should carry an indication of the 
name and address of the person to whom the proof 
of the paper is to be sent, and should give also 
a shortened version of the paper’s title, not ex- 
ceeding forty-five letters and spaces in length, 
suitable for a running title in the published pages 
of the work. 
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thus be to the advantage of the author if, when 
submitting a paper which is part of a series, the 
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Form of Papers Submitted for Publication. 
The onus of preparing a paper in a form suitable 
for sending to press lies in the first place with the 
author. Authors should consult a current issue 
in order to make themselves familiar with the 
practice of the Biochemical Journal concerning typo- 
graphical conventions, use of cross-headings, lay- 
out of tables, citation of references, etc. The need 
for editorial revision of badly prepared typescripts 
will lead to delay in publication for which the 
Editors cannot accept responsibility. Papers on 
specialized subjects should be presented so that they 
are intelligible to the ordinary reader of the Journal. 
Sufficient information should be included to permit 
repetition of the experimental work. 

Papers intended for publication should be in 
double-spaced typing on sheets of uniform size with 
wide margins. Top copies only should be submitted. 
The paper should be written in English. 

Generally speaking, papers should be divided 
clearly into parts and, in most cases, these should 
be as follows: (a) Introduction, containing the 
reasons for doing the work; (b) Experimental 
methods: with chemical papers the experimental 
part will normally appear towards the end, but 
otherwise should follow the introduction; (c) Re- 
sults; these should be given concisely: tables or 
figures are often the best form, but the use of both 
to illustrate the same data will only rarely be per- 
mitted; illustrative protocols only should be in- 
cluded; (d) Discussion: it is desirable that the 
presentation of the results and the discussion of 
their significance should be considered separately ; 
(e) Summary: a summary, about 3% of the length 
of paper, should be included; the paragraphs of the 
summary should be numbered; (f) Acknowledge- 
ments; (g) References. 

The Biochemical Journal uses as a standard for 
spelling the Concise Oxford Dictionary of Current 
English (1951, Oxford, Clarendon Press). 

In the Introduction, Results, Discussion and 
Summary sections of papers the use of abbreviations 
should be very sparing. Thus, abbreviations for 
units are to be used, but not contractions such as 
‘soln.’ or ‘recryst.’ or chemical symbols as abbrevia- 
tions for elements, groups or compounds, unless 
this use is justified by special circumstances. 


Illustrations. Illustrations, which should be 
approximately twice the size of the finished block,” 
should each be on a separate sheet and packed - 
flat; they should bear the author’s name and the 
title of the paper on the back. Diagrams should 
be in indian ink and should be drawn on plain 
white paper, Bristol board, faintly blue-lined 
graph paper, or tracing cloth. Curves based on 
experimental data should carry clear indications” 
of the experimentally determined points. Letters, 
numbers, etc., should be written in pencil. Legends 
and captions should be typed on a separate sheet 
from the illustrations and numbered correspond- 
ingly. Figures should be comprehensible without 
reference to the text. 

Diagrams which do not conform with the above 
directions may have to be redrawn by the Press 
and the expense charged to the author. 

Lines in line drawings should be sufficiently thick 

to stand reduction by the Press, which is usually 
to one-half or one-third. The pamphlet issued by 
the Royal Society (1950), General Notes on the 
Preparation of Scientific Papers, gives specimen 
figures. 
Tables. Tables should carry headings describing 
their content and should be comprehensible without 
reference to the text. The units in which the results 
are expressed, e.g. g./100 ml., should be given at 
the top of each column, and not repeated on each 
line of the table. 

The following, from The Presentation of Papers 
for the Journal of the Chemical Society, 1952, may 
be noted: ‘Care is needed for statement of powers 
in column headings. An entry “2” in a column 
headed “‘10*&”’ means that the observed value was 
0-002. If the heading reads “10-*k”’, then the 
observed value was 2000. This form, 10°k, should 
always be used.’ 

Tables should be typed on separate sheets and 
their approximate position in the text should be 
indicated. Words or numerals should be repeated 
on successive lines; ‘ditto’ or ‘,,’ are not to be used. 


Footnotes. These should be avoided in the text 
as far as possible. Where they must be used, as in 
tables, reference is made by the symbols *ft§||{, 
in that order. 








CORRIGENDUM 


The chemistry of connective tissues 


2. 'Soluble proteins derived from partial hydrolysis of elastin 
By S. M. Parrrince, H. F. Davis and G. 8. ADAIR 
Volume 61 (1955) 

p- 13, col. 1, last line: 
for 65p. read 6-5. 


p- 13, col. 2, first line: 


for 36 to 99xn. read 3-6 to 9-9. 
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Distribution of Pyrimidine Bases in Herring -Roe 
Deoxyribonucleic Acid 


By P. W. KENT, J. A. LUCY anp P. F. V. WARD 
Department of Biochemistry, University of Oxford 


(Received 27 April 1955) 


Although considerable evidence is now available 
for the 3’:5’-polynucleotidie structure of deoxy- 
ribonucleic acid (DNA), little is known of the 
sequence of the purine and pyrimidine groups. 
Partial degradation of DNA, achieved with deoxy- 
ribonuclease, results in a variety of products, 
including di- and tri-nucleotides (Smith & Mark- 
ham, 1952a, b; Sinsheimer, 1954), some of which 
bear both purine and pyrimidine bases. The validity 
of such products as representing unaltered se- 
quential fragments of the polynucleotide chain is, 
however, ambiguous, owing to the possibility of 
enzymic resynthesis or rearrangement. It is 
desirable therefore that chemical methods should 
be developed in order to study the problem. 

It has been shown that in dilute aqueous acids 
purines alone are liberated from deoxyribonucleic 
acids, yielding strongly reducing products, which 
are still of large size and which have been called 
‘apurinic acids’ (Tamm, Hodes & Chargaff, 1952). 
The sole nitrogenous constituents of these products 
jare reported to be pyrimidines (cf. Lucy & Kent, 
1953) present in the same ratio as in the parent 
DNA. Apurinic acids have, in general, much 
smaller molecular weights than the parent DNA, 
probably because of the hydrolysis of some of the 
internucleotidic linkages. 

Unlike DNA, apurinic acids are degraded in 
mild alkaline solutions (Tamm, Shapiro, Lipshitz & 
Chargaff, 1953). The nature of the degradation is, 
however, uncertain, since several reactions may be 
involved. In addition to the cleavage of ester 
phosphate bonds of the purine-free sugar residues, 
random breakdown of the sugar itself cannot be 
discounted. The latter ambiguity may be circum- 
vented and the purine-linked sugars ‘marked’ by 
making use of the earlier observation (Kent, 1950) 
that treatment of deoxyribonucleic acid with 
phenylmethanethiol in acidic conditions resulted in 
liberation of purines and the ‘blocking’, as mer- 
captals, of the reducing-sugar groups thus formed. 
The resulting sulphur-containing residue resembled 
the apurinic acids in being alkali-labile. In this 
case, however, D-2-deoxyribose dibenzylmercaptal 
i@ Was isolated as a crystalline derivative. A modi- 
fication of the method has been successfully used 
(MacDonald & Knight, 1953) to identify the purine- 
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linked sugar in the ribonucleic acid of tobacco 
mosaic virus. 

In the present work, herring-roe deoxyribo- 
nucleic acid was treated with ethanethiol in the 
presence of hydrochloric acid (Kent & Lucy, 1954) 
and the non-diffusible derivative, mercaptalated 
deoxyribonucleic acid (MDNA), degraded with 
alkali to a mixture of stable pyrimidine poly- 
nucleotides (PPN). 

Our results, of which preliminary reports have 
already been published (Lucy & Kent, 1953; Kent 
& Lucy, 1954), have been criticized by Jones & 
Letham (1954) on the ground of their inability to 
prepare MDNA from DNA. Although the yields of 
MDNA (on a weight basis) are in general only about 
10% of the initial DNA, we believe that the 
method furnishes a suitable procedure for the 
examination of sequences of adjacent pyrimidine 
nucleotides in DNA. Available evidence indicates 
that only purines are liberated in the mercaptala- 
tion reaction and that pyrimidine polynucleotides 
are stable under the conditions of mercaptalation. 
Jones & Letham (1954) claim to have obtained 
higher yields of mercaptalated derivative by the 
action of thioglycollic acid on DNA in the presence 
of anhydrous zine chloride. Under these condi- 
tions, however, it is uncertain whether the mer- 
capto acid behaves solely as a thiol or whether it 
forms esters with the nucleic acid or its derivatives. 


METHODS AND MATERIALS 


Elementary analyses for P, N and S were performed by 
Drs Strauss and Weiler, Oxford. Freeze-dried specimens of 
DNA, MDNA and PPN were analysed and the results 
corrected for the moisture content, which was determined 
separately (Lee & Peacocke, 1951). Phosphorus was also 
determined by the method of Allen (1940). 

Ultraviolet-absorption measurements were 
aqueous solutions with Beckman and Hilger Uvispek 
spectrophotometers, with 1 em. quartz cells. 

Purine and pyrimidine analyses were performed by the 
hydrolytic and the paper-chromatographic procedures 
described by Wyatt (1951). 

Dische extinction coefficients were determined by the 
method of Allerton, Overend & Stacey (1952). 

Paper-electrophoretic separations were carried out on 
Whatman no. | paper in 0-2 sodium acetate buffer (con- 
taining 0-05 sodium chloride) (pH 5) or in 0-2m sodium 
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borate buffer (pH 8), (Pasternak & Kent, 1952), with 
potential gradient 12v/cm. 

Commercial deoxyribonucleic acid (from herring roe) was 
supplied by L. Light and Co. Ltd., Colnbrook, Bucks. 

Fibrous herring-roe deoxyribonucleic acid was prepared 
by the method of Daly, Allfrey & Mirsky (1950). 

Paper partition chromatography. Chromatograms were 
prepared on Whatman no. 1 paper by downward develop- 
ment in the following solvent systems: (a) n-butanol- 
ethanol-water (4:1:5 by vol.); (b) phenol saturated with 
water; (c) isopropanol (138 ml.)—HCl (sp.gr. 1-18, 31-7 ml.)- 
water (30-5 ml.); (d) water-poor phase of ethyl acetate 
(100 ml.)—pyridine (45 ml.)-water (10 ml.). Spraying re- 
agents used were aniline hydrogen phthalate (Partridge, 
1949) for reducing sugars, perchloric acid and ammonium 
molybdate (Hanes & Isherwood, 1949) for phosphate esters, 
and I, vapour (Greenway, Kent & Whitehouse, 1953) for 
mercaptals. Ultraviolet photography was used to detect 
purines, pyrimidines and their derivatives (Markham & 
Smith, 1949). 





EXPERIMENTAL 


Mercaptalation of DNA. (i) Ethanethiol (15 ml.) was 
added to fibrous DNA (0-49 g.) in a glass-stoppered flask. 
Hydrochloric acid (sp.gr. 1-18, 0-5 ml.) was then added and 
the mixture was shaken for 14hr. at 18°. The reaction 
mixture was diluted with water (45 ml.) and the un- 
changed thiol removed by extraction with ether. The 
aqueous layer was then brought to pH 7 by addition of 
NaHCO, and was dialysed in cellophan against distilled 
water until chloride-free. During dialysis a white solid 
separated within the sac and was found to be chiefly a 
mixture of crystalline adenine and guanine. Freeze-drying 
of the contents of the sac furnished 45 mg. of a white 
amorphous solid, MDNA (1), containing: N, 9-90; P, 9-62; 
8, 7-8%. 

(ii) MDNA (2) was prepared from commercial herring-roe 
DNA (6g.). Ethanethiol (45 ml.) and HCl (sp.gr. 1-18, 
12 ml.) were employed and the product was isolated as in 
the preparation of MDNA (1). The product contained: N, 
8-43; P, 7-46; S, 5-9%. 

Attempted mercaptalation of apurinic acid. Apurinic acid 
(0-7 g.) prepared from herring-roe DNA by the method of 
Tamm et al. (1952) was suspended in ethanethiol (30 ml.) 
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saturated with dry HCl. After 1-5 hr. at 0, when solid had 
dissolved, ether (25 ml.) was added and sufficient dilute 
NaHCO, solution to bring the pH to 7. The aqueous layer 
was re-extracted with ether, then dialysed at 0° in cello- 
phan for 94 hr. against distilled water. Freeze-drying of 
the dialysed solution yielded a partially mercaptalated 
derivative (47 mg. Found: N, 4-59; P, 8-01; S, 4-8%). 

Diffusible products arising during mercaptalation. In the 
course of preparation of MDNA (1), the material was 
dialysed in cellophan against distilled water (3-721. for 
92 hr.). The external solution was concentrated under 
reduced pressure below 30° to 10 ml. The resulting concen- 
trate was examined by paper chromatography. The résults 
are summarized in Table 1. 

Properties of MDNA (1).  Paper-chromatographic 
examination of this material in butanol-ethanol—water 
revealed the presence of a major constituent (R, 0-0-1) and 
two minor substances (R, 0-26 and 0-32). The substance 
(Ry 0-26) contained P and §, and when eluted in 0-1 N-HCl 
was found to have A,,,,, 275 mp. The second minor con- 
stituent (R, 0-32) also contained P and had an absorption 
maximum at A,,,, 275 mp. but was sulphur-free. 
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Fig. 1. Alkaline degradation of mercaptalated deoxyribo- 
nucleic acid (MDNA). ----, Deoxyribonucleic acid; 
» MDNA (2). 





Table 1. Diffusible products formed during preparation of MDNA (1) 


Rp 


cer OOOO 


Detection of components 





—S——_ << o > 
Perchloric 
Ultraviolet Todine acid— 
Solvent absorption vapour molybdate Authentic compounds 
isoPropanol (138 ml.)- 0-33 _— _ 0-31 Guanine 
hydrochloric acid (sp.gr. 0-49 — — 0-43 Adenine 
1-18, 31-7 ml.)—water 0-71 -- — 0-90 Deoxyeytidine-5’ phosphate 
(30-5 ml.) 0-88 ue 0-90 x 
1-0 — 0-97 0-97 Thymidine-3’:5’ diphosphate 
n-Butanol-acetic acid— 0-0-11 0-09-0-11 —_ — 
water (4:1:5 v/v) 0-27 0-197 — -- 
0-36 — — — 
0-45 — —- cod 
0-61 0-88* —- 0-9 Deoxyribose diethylmercaptal (?) 


* 4 4 Dische test, P-free. 


+ ++Dische test, contained P. 
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Alkaline degradation of mercaptalated deoxyribonucleic 


acid (MDNA). (i) In a typical experiment, the rate of 


degradation was followed spectroscopically. MDNA (2) 
(0-9 mg.) was dissolved in 0-5N-NaOH (20 ml.) and solution 
maintained at 33-5°. The change in light absorption at 
268 mp. was measured at intervals (Fig. 1). A similar 
quantity of fibrous DNA was treated simultaneously under 
identical conditions. 

(ii) Mercaptalated nucleic acid, MDNA (2) (92 mg.), was 
treated with 0-01N-NaOH (6 ml.) for 237 hr. at 18°, and 
dialysed twice in cellophan against distilled water (90 ml., 
each time for 48 hr.). The solution (19-3 ml.), adjusted to 
neutrality, when freeze-dried yielded a white amorphous 
product (PPN). (Found: N, 6-91; P, 8-31; S, 33%.) 


of MDNA. Examination of the external solutions from the 
dialysis of PPN in (ii) above failed to reveal any inorganic 
phosphate. The two solutions contained phosphoric esters 


(23-5 and 7 wg. P/ml. respectively) corresponding to 48 % of 


the combined P of the MDNA. A portion of the first 
external solution (25 ml.), neutralized by being shaken with 
the acidic form of Amberlite IR i006 (H) (Rohm and Haas 
Co., Philadelphia 5, Pa., U.S.A.), was concentrated to 1 ml. 
and examined by paper chromatography in ethyl acetate— 
pyridine-water. Two components (R, 0-03 and 0-13) were 
detectable in ultraviolet light, on treatment with iodine 
vapour and by spraying with perchloric acid and ammonium 


Bases* 
(Moles/4 atoms of P) 


Adenine 

Guanine 

Cytosine 

Thymine 

Thymine/cytosine (mol.prop.) 
Nitrogen (atoms/4 atoms of P) 
Sulphur (atoms/4 atoms of P) 
Dische value (per atom of P) 
(ep) (Amax. 259 mu.) 

(€p) (Amax. 270 my.) 


PYRIMIDINE NUCLEOTIDE SEQUENCE IN DNA 


DNA 


1-00 
0-77 
0-70 
1-01 
1-45 
12-92 
0-0 
1850 
6476 
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(Mozingo, 1941) for 5 hr. After removal of the catalyst the 
solution was concentrated at 40° under reduced pressure. 
A solid (60 mg.) was obtained which contained 8, 1-63%. 
The initial MDNA contained S, 5-9%. The product was 
methylated under the conditions described by Anderson, 
Barker, Gulland & Lock (1952), absolute methanol (15 ml.), 
methyl iodide (2 ml.) and dry Ag,O (2 g.) being used. The 
product was found to have an apparent methoxyl content 
(Zeisel) of 13-7%. The methylated product was treated 
with 0-1N-NaOH (3 ml.) at 100° for 4 hr. After neutraliza- 
tion with 0-1N-HCl, the solution was concentrated to 
dryness. The product had OMe 6-35% (corrected for the 
presence of NaCl) and was free from traces of organically 
bound sulphur. 


RESULTS 


The mercaptalated nucleic acid (MDNA) was an 
amorphous solid, highly soluble in water, and it 
gave a negative Fehling’s reaction. The ratio of 
contained thymine to cytosine was little different 
from that of the parent nucleic acid. The analytical 
composition of DNA and MDNA (1) is shown in 
Table 2. 

In a model experiment each of the four bases 
was treated with ethanethiol and hydrochloric acid 
under the same conditions as those prevailing in 


Table 2. Composition of fibrous-herring-roe DNA, MDNA (1), MDNA (2) and PPN 


MDNA (1) MDNA (2) PPN 
0-03 0-0 0-0 
0-11 0-16 0-0 
1-44 1-93 1-19 
2-02 2-73 1-90 
1-40 1-45 1-60 
9-10 10-0 7-36 
3-17 3-07 1-56 
940 1140 990 
4555 4630 5032 


* 5-Methylcytosine was not determined in these preparations. 


molybdate (Bandurski & Axelrod, 1951). The ultraviolet- 
absorbing character of these components was shown, by 
hydrolysis in 70% (w/w) HClO, and paper chromato- 
graphy, to be due to cytosine and thymine residues. A 
further component, R»y 0-31, which contained no N or P 
but which on elution gave a positive Dische reaction and 
positive tests for S, was present. 

Properties of PPN. The substance was chromatographic- 
ally immobile in butanol-ethanol-water. When examined 
| by paper electrophoresis at pH 7-93 (0-2m sodium borate 
| buffer containing 0-05m-NaCl) and at pH 5 (0-2m sodium 

acetate buffer containing 0-05m-NaCl), under a potential 
gradient of 12v/cm., the substance moved as a single com- 
ponent. 

Retreatment of isolated PPN with ethanethiol and HCl 
under the conditions of preparation of MDNA was without 
action on PPN. 

| Attempted desulphuration and methylation of MDNA. 
MDNA (117 mg.), dissolved in 50 % (v/v) aqueous methanol 
(30 ml.), was warmed at 60° with 1g. of Raney nickel 





the preparation of MDNA. The bases were re- 
covered, as indicated by R, values and by ultra- 
violet-absorption characteristics. 

Towards the Dische diphenylamine reagent 
(Deriaz, Overend, Stacey, Teece & Wiggins, 
1949), MDNA (1) gave less coloration than an 
equivalent amount of the parent DNA, the re- 
spective values being 940 and 1850 (Spekker 
units/atom P) (Allerton et al. 1952). This change is 
consistent with the replacement of the readily 
hydrolysed purine groups by (—S.C,H;), in MDNA. 
This is further emphasized by the changes in 
spectral properties. Whereas fibrous DNA has an 
extinction of 6476 (e«, extinction/atom P) at 
Anax. 259 mp., MDNA (1) gives a value of 4555 
(e,) at A,ax 270 muy. 

In a preliminary examination in the Svedberg 
ultracentrifuge it was found that the sedimentation 
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constant of MDNA (1) is considerably less than 
that of the parent DNA. Paper electrophoresis of 
MDNA (1) suggested the presence of at least two 
ultraviolet-absorbing components. 

MDNA (2) was readily degraded in alkaline 
conditions and the degradation was accompanied 
by a marked increase in optical density at 268 my. 
and liberation of at least two diffusible products 
having the properties of deoxycytidine phosphates. 
Inorganic phosphate was detected in only trace 
amounts and no substance having reducing-sugar 
properties was liberated. Model experiments with 
D-arabinose diethyl mercaptal showed that such 
derivatives were stable under the alkaline condi- 
tions employed in these investigations. Under the 
conditions used by Brown, Magrath & Todd (1952) 
for the alkaline degradation of ribonucleotides, it 
was found that the «, values of MDNA increased 
more rapidly than those of a specimen of DNA 
similarly treated (Fig. 1). In this reaction 48 % of 
the phosphorus was liberated as ester phosphate, 
the non-diffusible product (PPN) having the com- 
position shown in Table 2. Both in chromato- 
graphic and paper-electrophoretic studies, PPN 
behaved as a single component. 


DISCUSSION 


The experimental results indicate that mercapt- 
anolysis of deoxyribonucleic acid is achieved 
through the purine-linked sugars and that the 
reaction takes the course shown in Fig. 2. 
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nucleic acid 2 atoms of sulphur enter. The an- 
alytical composition (Table 2) shows that in 
mercaptalation 1:62 moles of adenine + guanine 
(per 4 atoms of P) have been removed and that 
3-17 atoms of sulphur are present in the product, 
i.e. 1:58 sugar residues have been converted into 
diethylmercaptals. The ratio is therefore 1:2:1. 
No evidence has yet been found of interaction in 
any other way between deoxyribonucleic acid 
components and ethanethiol. 

Mercaptalation, under the conditions described, 
undoubtedly results in products of considerably 
decreased molecular weight. The reaction is 
accompanied by liberation of purines, some 
diffusible nucleotides and deoxyribose derivatives. 
These appear to include thymidine-3’:5’ diphos- 
phate and deoxycytidine-5’ phosphate, and will be 
described in a later communication. Pyrimidines 
and inorganic phosphate are, however, released in 
not more than trace amounts. 

The effect of mercaptalation is to convert every 
formerly purine-linked sugar into stable acyclic 
derivatives. Every such sugar residue is endowed 
with an additional hydroxyl group at Cy, ie. 
that which was formerly held in the ring structure. 
This hydroxyl group is in the « position to the 
phosphate esters at C,, and C,,, and a situation 
similar to that in ribose nucleic acids exists. It has 
been pointed out (Brown & Todd, 1952) that such 
a-hydroxy secondary phosphate esters are alkali- 
labile through the agency of an intermediate cyclic 
phosphate-ester form, cleavage of which leads to 





Fig. 2. Mercaptalation of purine deoxyribonucleotidic residues. 


This is supported by the following arguments: 
(a) The diminished Dische coloration shown by 
MDNA compared with DNA. (b) DNA has e, 6476 
at Ax. 259 mp., whereas the derived MDNA has 
€p 4555 at Anz 270 mp. [ef. «, 4578 at ALY 
270 mu. for herring-roe apurinic acid and «, 4600 
at Anax. 268 mp. for calf-thymus apurinic acid 
(Tamm ef al. 1952)]. (c) The reaction (Fig. 2) 
requires that for each purine displaced from the 


two isomeric primary phosphates. In the case of 
MDNA, cyclic phosphates may be formed between 
the 4’:5’- and 3’:4’-positions, yielding on subsequent 
hydrolysis the 3’:4’- or 5’-phosphate esters. 

The experimental results show that MDNA is 
indeed easily degraded by dilute alkali with 
elimination of 48 % of its phosphorus as esters, but 
without the liberation of inorganic phosphate. The 
non-diffusible residue (PPN) shows properties 
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consistent with the loss during hydrolysis of 
pyrimidine-free constituents by (a) increase in «, 
from 4630 to 5032 without shift in A,,,, 270 myz., 
(b) decrease in sulphur content of the product 
PPN, and (c) increase in the N/P ratio. 

No free pyrimidines are formed in the reaction. 
Examination of the diffusible products by chro- 
matography (after removal of the interfering 
inorganic substances by means of an ion-exchange 
resin) gave evidence of the presence of both 
thymine and cytidine nucleotides. 

The presence of sugar hydroxyl groups in MDNA 
is further demonstrated by the fact that, after 
partial reductive desulphuration with Raney 
nickel (Mozingo, 1941), the material can be methyl- 
ated under the same conditions as ribose nucleic 
acid and its derivatives. The apparent methoxyl 
content (13-7%) is unlikely to be an accurate 
value, however, owing to the presence of residual 
thioethyl groups which interfere in the Zeisel 
determination. It is of interest, however, that this 
value is decreased to 6-35 % by alkaline hydrolysis, 
a means by which fortuitous methyl phosphoric 
esters are hydrolysed and the remaining sulphur 
is expelled. The resulting methylated derivative, 
unlike MDNA, is stable and does not undergo the 
‘elimination’ reaction in alkaline conditions to 
form analogues of PPN. 

It will be noticed that alkaline degradation of 
MDNA does not result in complete expulsion of the 
mercaptalated deoxyribose residues. The retention 
of sulphur (1-56 atoms/4 atoms of P) is, however, 
not inconsistent with the ‘elimination’ mechanism 
of alkaline breakdown of nucleotides, since pro- 
ducts may result, e.g. 4’-phosphate, in which migra- 
tion has resulted in the blocking of the hydroxyl 
group requisite for cyclic phosphate-ester forma- 
tion. Such a product should be stable to alkaline 
reagents, the retained mercaptalated residue 
constituting an end-group. Until this has been 
further investigated, ambiguity persists in the 
interpretation of the results. It can, however, be 
concluded that herring-roe deoxyribonucleic acid is 
not entirely composed of alternating purine and 
pyrimidine nucleotides and that regions of adjacent 
pyrimidine nucleotides occur. 

In the minimal arrangement, PPN can be 
regarded as a trinucleotide bearing a mercapta- 
lated-sugar end-unit. In such a substance two 
deoxycytosine nucleotides (C) are adjacent to one 
thymidine nucleotide (T) in the form TCT or CCT. 
Throughout this investigation, bases in DNA have 
been expressed for convenience in terms of 4 atoms 
of phosphorus, though neither in this nor in the 
majority of other reported results are 4 bases 
present for 4 atoms of phosphorus. In PPN, 


however, the correspondence is close, 3-87 moles of 
l’-substituents (thymine + cytosine + } atomic sul- 
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phur content) being present for every 4 atoms of 
phosphorus. 

The results indicate that mercaptalation pro- 
vides a route for the separation of consecutive 
pyrimidine nucleotides from DNA without possible 
ambiguities of enzymic rearrangements. These 
pyrimidine polynucleotides will be discussed 
further in a subsequent publication. 


SUMMARY 


1. Herring-roe deoxyribonucleic acid has been 
partly degraded to pyrimidine polynucleotides by 
non-enzymic methods. 

2. The purines were selectively removed and the 
liberated reducing sugars were blocked in the 
acyclic form as ethylmercaptals. The thymine/ 
cytosine ratio of the product differed little from 
that of the original DNA. 

3. The mercaptalated product was hydrolysed 
by dilute alkali to yield diffusible organo-phos- 
phorus compounds, and a non-diffusible purine- 
free substance containing thymine and cytosine. 

4. The degradation is consistent with the ‘elimi- 
nation’ mechanism of nucleotide breakdown. 

5. The results suggest that there are regions in 
DNA where at least three pyrimidine nucleotides 
are linked together. 
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The N-Terminal and Sulphur-containing Residues of Bacitracin A 


By I. M. LOCKHART, E. P. ABRAHAM anp G. G. F. NEWTON* 
Sir William Dunn School of Pathology, University of Oxford 


(Received 20 May 1955) 


The results of electrometric titrations and of re- 
actions with 1-fluoro-2:4-dinitrobenzene (FDNB) 
led Newton & Abraham (1953a, b) to conclude that 
bacitracin A contained a free §-amino group which 
was part of an ornithine residue and a free «-amino 
group which was part of a leucine or isoleucine 
residue. Other workers failed to demonstrate the 
presence of an N-terminal amino acid in the 
molecule (Ingram, 1953; Porath, 1953). Lockhart, 
Newton & Abraham (1954) confirmed the results 
of earlier experiments and reported that the dini- 
trophenyl (DNP) derivative of bacitracin A yielded 
DNP-isoleucine on hydrolysis. However, they 
stated that the yield of DNP-isoleucine was much 
less than that to be expected from one N-terminal 
residue per molecule. Some uncertainty remained, 
therefore, about the nature of the structure 
carrying the postulated free «-amino group. 

Analysis of the amino acids formed on hydrolysis 
with acid first suggested that bacitracin A con- 
tained only two residues of isoleucine (Barry, 
Gregory & Craig, 1948), but studies of the amino 
acid sequence showed that isoleucine residues 
occurred at three positions in the peptide chain 
(Craig, Hausmann & Weisiger, 1954; Lockhart & 
Abraham, 1954a; Hausmann, Weisiger & Craig, 
1955a; Weisiger, Hausmann & Craig, 1955). One 
of the isoleucine residues appeared partly as allo- 
isoleucine in acid hydrolysates (Piez, 1954). In the 
light of earlier experiments, the results of partial 
hydrolysis could best be accommodated by assum- 
ing that bacitracin A contained an N-terminal 
isoleucine residue that was linked through its 
carboxyl group to a potential cysteine residue. 
Nevertheless, the complete picture appeared to be 
more complicated. Both Lockhart & Abraham 
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(1954a) and Hausmann et al. (1955a) suggested that 
the amino group of this isoleucine was engaged in 
cross-linkage with a phenylalanine residue, or 
interacted with the latter during the hydrolytic 
breakdown of the molecule. This suggestion was 
made because several peptides containing the 
sequence Phe. Ileu appeared to be present in partial 
hydrolysates. The homogeneity of some, at least, of 
the peptides obtained by Lockhart & Abraham 
(1954a) was open to question, but the bis-DNP 
derivative of a peptide Phe. Ileu.CySH.Leu, ob- 
tained by Hausmann et al. (1955a), appears to have 
been well characterized. 

The sulphur atom in bacitracin A is present 
as a masked thiol group which appears as 
part of a cysteine residue on hydrolysis. Newton 
& Abraham (19536) suggested that bacitracin A 
contained a thiazoline ring: 


R S—CH, 
a a 
—NH—CH—C 


YQ | 
N—CH—CO— 


This suggestion was made to account for the ready 
liberation of a thiol group in hot acid solution and 
for the behaviour of bacitracin A on hydrogenolysis. 
After treatment with Raney nickel an alanine 
residue was present whose «-amino group was free, 
and two new substances were detected among the 
products of hydrolysis. One of these substances was 
thought to be an amino alcohol, because hydro- 
lysates in which it was present yielded ammonia and 
a volatile aldehyde on treatment with periodate. 
The changes occurring on hydrogenolysis could be 
interpreted in terms of the removal of the sulphur 
atom, followed by the hydrolysis and reduction of 
a resulting -CH—N- grouping. 
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The isoleucyleysteine fragment which is found in 
partial hydrolysates of bacitracin A appears to be 
derived from a structure hitherto unknown in 
polypeptides. The present paper describes attempts 
to obtain more precise information about this 
structure by using reagents for the free amino 
groups of peptides and by further study of the 
products of hydrogenolysis with Raney nickel. 
Some of the results have already been reported in 
outline (Lockhart et al. 1954; Lockhart & Abraham, 
19546). Other interesting evidence about this part 
of the molecule has been mentioned by Hausmann, 
Weisiger & Craig (19556), who have concluded that 
a thiazole derivative is formed when bacitracin A 
is converted into bacitracin F by oxidation in air. 


METHODS 


Materials 


Bacitracin A. The sample of bacitracin A prepared by 
Lockhart & Abraham (1954a) was used. This material was 
obtained in the solid state by freeze-drying a solution at 
pH 4 and was partly in the form of its hydrochloride. On 
exposure to the laboratory air it rapidly absorbed water. 
The antibacterial activity of the hydrated product was 
72 iu./mg. Elementary analysis was carried out on the 
hydrated product. (Found: C, 48-2; H, 7-3; N, 14-2; 8, 2-0; 
Cl, 3-2; loss at 100° in vacuo (5 hr.), 9-8. Cale. for 


Coe H 193016 7S.1-5HC1,9H,0: 


C, 48:3; H, 7-4; N, 14:5; S, 2-0; Cl, 3-3; 9H,O, 9-9%. 
Mol. wt., 1638.) 

The value 1638 has been used in calculations involving 
the mol. wt. of this product. Hausmann et al. (19556) have 
reported analytical data that are consistent with the 
formula, CygH930,.N,-8 for bacitracin A. 

Commercial bacitracin. Experiments were also carried out 
with samples of bacitracin kindly supplied by the Com- 
mercial Solvents Corporation, Terre Haute, Indiana, U.S.A. 
(Lot 25; 6li.u./mg.), and by A/S Apothekernes Labora- 
torium, Oslo, Norway (7364-F. 9; 65 i.u./mg.). 

DNP-bacitracin A. Bacitracin A (9-7 ml.) was dissolved 
in 0-1 ml. of 8% (w/v) NaHCO, and 5 ml. of water. FDNB 
(13 mg.) in ethanol (10 ml.) was added and the solution was 
adjusted to pH 9 with 8% (w/v) NaHCO,. The single- 
phase reaction mixture was allowed to stand in the dark for 
70 min., when the optical density at 350 my. reached a 
constant value relative to that of a similar solution from 
which the bacitracin had been omitted. Ethanol was 
removed by distillation in vacuo, the aqueous solution was 
adjusted to pH 8-5, and excess of FDNB was removed by 
three extractions with an equal vol. of ether. After removal 
of excess of ether, the aqueous phase was adjusted to pH 1-5 
with cone. HCl, when DNP-bacitracin A was precipitated. 
The precipitate was separated by centrifuging, washed with 
0-01N-HCl and dried in a desiccator (9-8 mg.). The optical 
density of this material in 1% (w/v) NaHCO, (0-026 mg./ 
ml.) was 0-360 at 350 mp. It presumably consisted of the 
tri-substituted derivative mixed with some of the mono- 
and di-substituted derivatives (cf. Craig, Hausmann & 
Weisiger, 1953). In calculations involving the mol. wt. of 
this product an approximate value of 1900 has been used. 
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Deaminated bacitracin A, Bacitracin A (10 mg.) was 
dissolved in 0-5 ml. of 50% (v/v) aqueous acetic acid. A 
solution of 128 mg. of barium nitrite in 0-5 ml.. of 50% 
(v/v) aqueous acetic acid was added and the mixture was 
shaken at 37° for 0-5 hr. The solution was cooled and the 
supernatant separated from a small amount of white 
precipitate and evaporated to dryness in a vacuum 
desiccator. The residue was dissolved in a small volume of 
2n-HCl and the solution evaporated to dryness. This 
process was repeated and the residue was then stirred with 
ethanol (4 ml.). The pale-yellow extract was evaporated to 
dryness, yielding 7 mg. of crude deaminated bacitracin A. 

Desulphurized bacitracin A. This was prepared in the 
manner described by Newton & Abraham (19535). 

Other compounds. v-Isoleucinol was prepared by the 
method of Karrer, Portmann & Suter (1948) from 
p-isoleucine. The chloroaurate, crystallized from water, had 
m.p. 158°. 

N-DNP-isoleucinol was prepared by a modification of 
the method of Grassmann, Hérmann & Endres (1953). 
p-Isoleucinol hydrochloride (4-9 mg.) was dissolved in 0-1 ml. 
of 1-5% (w/v) trimethylamine carbonate (pH 9-3), FDNB 
(0-01 ml.) in 0-2 ml. of ethanol was added and a few further 
drops of ethanol were added to effect solution. After the 
mixture had stood for 2 hr. in the dark, 15 mg. of glycine 
were added and the mixture was shaken for 2 hr. to convert 
any excess of FDNB into DNP-glycine. Ethanol was 
removed by evaporation in vacuo, 0-24 ml. of 1% (w/v) 
trimethylamine carbonate was added, and the aqueous 
solution was extracted three times with ether. Evaporation 
of the ethereal extracts yielded 8-9 mg. of DNP-isoleucinol 
as a yellow oil. 

1-Amino-2-methyl-n-butane was prepared by heating 
DL-isoleucine (252 mg.) to 200°, as described by Ehrlich 
(1907). The product was distilled in steam from aqueous 
K,CO, and collected in 2N-HCl, to yield the hydrochloride 
(75 mg.). The chloroplatinate melted at 192-195°. (Found: 
C, 20-3; H, 4-8. (C;H,,N).,H,PtCl, requires C, 20-6; H, 
4-8%.) Ehrlich (1907), using L-isoleucine, obtained the 
chloroplatinate of a partially racemized product whose 
m.p. was given as 240°. 

N-Ethyl-2:4-dinitroaniline was prepared from ethyl- 
amine and FDNB. It was obtained as a crystalline solid, 
m.p. 111°. Dermer & Hutcheson (1943) gave m.p. 111°. 
On a microgram scale this compound was best prepared by 
the method used for obtaining DNP-isoleucinol. 


Hydrolysis of bacitracin A and its derivatives 


Hydrolysis for amino acid analysis. Samples of bacitracin 
A (4-6 mg.) were hydrolysed in sealed tubes under N, with 
0-5 ml. of 6N-HCl at 105° for 24 and 90 hr. The hydrolysates 
were evaporated to dryness in a vacuum desiccator in the 
presence of P,O, and moist NaOH pellets. Deaminated 
bacitracin A (5-2 mg.) was similarly hydrolysed with 1 ml. 
of 6n-HCl at 105° for 24 hr. 

Hydrolysis of DN P-bacitracin A. A sample (3-9 mg.) of 
DNP-bacitracin A was heated in a sealed tube under N, 
with 1 ml. of 6N-HCl at 110° for 10 hr. The hydrolysate was 
evaporated to dryness as described above. The residue was 
dissolved in 2 ml. of water and was extracted three times 
with 2 ml. of ether. The aqueous solution was evaporated to 
dryness in a vacuum desiccator. The ethereal solution was 
shaken with three separate lots (2 ml.) of 1% (w/v) 
NaHCO, in water. The ethereal solution retained some 
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yellow colour due to neutral material. The NaHCO, 
solution was adjusted to pH 1-5 with conc. HCl, shaken 
with three lots of ether, and the ethereal extract evapor- 
ated to dryness. The residue contained acidic ether-soluble 
DNP derivatives. 


Analysis of products 


Ninhydrin colour densities were measured in an Evans 
Electroselenium Ltd. (E.E.L.) portable colorimeter. 
Other optical densities were measured in a Beckman model 
DU spectrophotometer or in a Hilger Uvispek photo- 
electric spectrophotometer (M. 700/302). The cells used 
were 1 cm. 

Amino acids. Qualitative analysis of amino acid mixtures 
was carried out by chromatography and ionophoresis on 
Whatman no. 1 paper. Butanol-acetic acid (Woiwod, 
1949) and ¢ert.-pentanol-water (Work, 1949) were used for 
developing the chromatograms and spots were coloured 
with ninhydrin. In the latter solvent system leucine was 
separated from isoleucine. Ionophoresis was carried out in 
the manner described by Newton & Abraham (1954) and 
Lockhart & Abraham (1954a), with sheets of paper 36 cm. 
long and collidine acetate buffer, pH 7-0. In most cases 
a potential of 500 v was applied to the ends of the paper for 
2-5 hr. 

Quantitative analyses were made on the columns 
(100 x0-9cem.) of Dowex 50-X8 (200-400 mesh), as 
described by Moore & Stein (1951). The photometric nin- 
hydrin method of Moore & Stein (1948) was used, in the 
first experiments, for analysis of the effluent fractions. 
Later, the modified procedure of Moore & Stein (1954) was 
adopted. 

DNP-amino acids. Paper chromatography of DNP- 
amino acids was carried out on Whatman no. 4 or 3 MM 
paper in the system of Blackburn & Lowther (1951). 
Quantitative analysis of DNP-isoleucine (from 3-9 mg. 
DNP-bacitracin A) was made on a column of acid-washed 
kieselguhr (16-5 x 0-9 cm.), using water-saturated chloro- 
form-ethyl methyl ketone (11:9 by vol.) as developing 
solvent (Mills, 1952). Fractions containing DNP-isoleucine 
were combined and evaporated to dryness. The residue was 
dissolved in acetic acid (4 ml.) and the optical density of the 
solution measured at 340 my. (Schroeder & LeGette, 1953). 

DNP-isoleucine and DNP-leucine were not separated on 
paper chromatograms or on the kieselguhr column. To 
distinguish between them the DNP-derivative was heated 
with 0-3N-Ba(OH), (1 ml.) in a sealed tube at 105° for 1 hr. 
(Mills, 1950). After CO, had been passed through the 
solution (and the excess of CO, removed in vacuo) to pre- 
cipitate Ba*+ as BaCO,, the supernatant was evaporated to 
dryness and the residue examined on paper chromatograms 
run with fert.-pentanol-water (Work, 1949). In some 
experiments hydrolysis was carried out with NH, (Lowther, 
1951) instead of with Ba(OH),. After hydrolysis a spot in 
the position of leucine or isoleucine was obtained from the 
corresponding DNP-amino acid. 

Separation and identification of volatile bases. On a small 
scale, volatile bases found to be present in desulphurized 
bacitracin were separated by ionophoresis on paper in 
collidine acetate at pH 7 and eluted with water. The 
experimental procedure was similar to that described by 
Lockhart & Abraham (1954a). About 50 mg. of the de- 
sulphurized bacitracin was applied to the paper as a series of 
spots (each 1 mg.). A potential gradient of 14v/em. was 
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applied for 2 hr. On a larger scale, the bases were extracted 
into ether, or distilled in steam, from an alkaline solution 
(see Results). Distillation in steam was carried out in the 
apparatus of Markham (1942) 

The volatile bases were identified on paper chromato- 
grams developed with butanol-acetic acid (Woiwod, 1949) 
and with butanol—pyridine-water (Chargaff, Levine & 
Green, 1948), and by paper ionophoresis in collidine acetate 
(pH 7-0). DNP-derivatives were identified on paper 
chromatograms developed with tert.-pentanol—phthalate 
buffer (pH 6) (Blackburn & Lowther, 1951), or with decalin- 
acetic acid—isopentanol (15:10:4 by vol.) (Grassmann et al. 
1953). ‘ 

Oxidation of isoleucinol to isoleucine. Mixtures containing 
isoleucinol and other volatile bases were treated with silver 
oxide to convert the isoleucinol into isoleucine (cf. Chibnall 
& Rees, 1953). In a typical experiment, a mixture (57 mg.) 
containing about 10 mg. of isoleucinol hydrochloride was 
dissolved in 5 ml. of water, freshly prepared moist silver 
oxide (from 100 mg. of AgNO,) was added and the mixture 
stirred continuously at 80° for 3 hr. The precipitate was 
removed by centrifuging and washed three times with 
water. The aqueous solution was acidified with conc. HCl, 
the supernatant was separated by centrifuging and the last 
traces of Ag+ were removed with H,S. The resulting 
solution was freeze-dried. 

Desalting. Isoleucine obtained by oxidation of mixtures 
of volatile bases (containing inorganic salts) was desalted in 
the following way (J. M. Barry, private communication). 
An aqueous solution of the preparation (1 ml.) was added 
to a column (diam. 1-3 em. and ht. 1 cm.) of the hydrogen 
form of Dowex 50. The column was washed with 6 ml. of 
water and the resin was then suspended in water and the 
pH adjusted to 8 with 2n-NH,. The resin was separated by 
centrifuging and washed with water and the supernatant 
was freeze-dried. 


RESULTS 

Isoleucine content of bacitracin A. The amounts 
of isoleucine, alloisoleucine, and some of the other 
amino acids found in hydrolysates of bacitracin A 
by analysis on columns of Dowex 50 are shown in 
Table 1. Hydrolysis was carried out in 6N-HCl at 
105° for 24 and 90hr. respectively. In the first 
case, aspartic and glutamic acids were not deter- 
mined and the experiment was terminated when 
leucine had emerged from the column. In the 
second case, the experiment was terminated after 
the emergence of phenylalanine. 


Table 1. Amounts of certain amino acids 
in hydrolysates of bacitracin A 
Hydrolysis was carried out in 6N-HCl at 105°. 


Molecules/molecule 
of leucine after 


Molecules/molecule 


of bacitracin A after 
— 





— ™ FE Y 

Amino acid 24 hr. 90 hr. 24 hr. 90 hr. 
Aspartic acid — 1-66 — 1-90 
Glutamic acid -— 0-78 — 0-89 
Cystine 0-43 0-23 0-50 0-26 
alloIsoleucine 0-44 0-44 0-51 0-51 
Isoleucine 1-75 1-96 2-00 2-25 
Leucine 0-87 * 0-87 1-00 1-00 
Phenylalanine — 0-89 — 1-02 
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The N-terminal residue of bacitracin A 


Ninhydrin colour density given by bacitracin A. 
The colour density obtained when bacitracin A 
was treated with ninhydrin (Moore & Stein, 1948), 
compared with that obtained from leucine, acid- 
inactivated bacitracin A, 6-aminohexanoic acid, 
lysine, gramicidin S and «-(t-valyl)-L-ornithine 
under similar conditions is shown in Table 2. A 
solution of acid-inactivated bacitracin A was 
prepared by treating bacitracin A with n-HCl at 
100° for 20 min. The colour densities per mole are 
relative to that given by leucine, which has been 
assigned an arbitrary value of 1. 


bacitracin A and other substances 


The sample (in 0-1 ml. of water) was heated with 0-5 ml. 
of the ninhydrin reagent (Moore & Stein, 1948) in colori- 
meter tubes, 1-4 cm. in internal diam. The solution was 
diluted with 7-5 ml. of propanol—water (1:1 by vol.) and 
the colour density was measured in an E.E.L. portable 
colorimeter (Evans Electroselenium Ltd., Harlow, Essex), 
Filter 626 being used. 


Amount Colori- Relative 
in sample meter colour 
Substance (umole) reading density/mole 
Leucine 0-153 50-5 1-00 
6-Aminohexanoic acid 0-153 49-2 0-98 
Lysine 0-153 58-7 1-16 
Bacitracin A 0-155 78-4 1-53 
Acid-inactivated 0-087 76-0 2-61 
bacitracin A 

Gramicidin S 0-077 31-6 1-25 
a-(L-Valyl)-L- 0-153 56-6 1-12 


ornithine 


The solution of acid-inactivated bacitracin A 
contained ammonium chloride (1 mole/mole of 
bacitracin A) liberated by hydrolysis of the labile 
amide grouping in bacitracin A (Newton & 
Abraham, 1953a). The increase in ninhydrin colour 
density on acid inactivation was completely 
accounted for by the amount of ammonium 
chloride formed. This indicated that the labile 
amide grouping in bacitracin A did not contribute 
to its ninhydrin colour density. The major com- 
ponent of gramicidin S is a decapeptide (mol.wt. 
1142) containing two free 5-amino groups (Synge, 
1945; Battersby & Craig, 1951). The dipeptide 
a-(L-valyl)-L-ornithine contains one free «-amino 
and one free §-amino group and is comparable, in 
this respect, with bacitracin A. 

DNP-isoleucine and other products from DNP- 
bacitracin A. A sample of the acidic ether-soluble 
material obtained from the hydrolysis of 3-86 mg. 
of DNP-bacitracin A gave a spot corresponding to 
isoleucine, or alloisoleucine, after treatment with 
a solution of barium hydroxide at 105°, on a paper 
chromatogram run with ¢ert.-pentanol-water. A 
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further sample gave a solution in sodium bicar- 
bonate solution whose optical density at 350 mp. 
could be accounted for by the presence of 143 yg. of 
DNP-isoleucine in the total material. Further 
purification of this material, however, showed that 
substances other than isoleucine were present. 

A paper chromatogram of a sample of the 
material, with the system of Blackburn & Lowther 
(1951), showed a yellow spot in tue position of 
DNP.-isoleucine (R,, 0-48), and a small yellow spot 
in the position of 2:4-dinitrophenol (R,, 0-29). 
A bright-green fluorescent spot appeared at the 
origin when the paper was viewed under ultraviolet 
light (365 my.). Visual comparison of the intensity 
of the DNP-isoleucine spot with that of spots 
obtained from known amounts of authentic DNP- 
isoleucine suggested that about 50yug. of DNP- 
isoleucine were present in the total material. 

When the remainder of the material was chro- 
matographed on kieselguhr (Mills, 1952) in 
chloroform—ethyl methyl] ketone (11:9), two yellow 
bands were observed to move down the column. 
A faint fast-moving one was 2:4-dinitrophenol, and 
a slower-moving one, which began to emerge after 
14 ml. of solvent had passed through the column, 
was DNP-isoleucine. The optical densities, at 
340 mu., of solutions of the substances from the 
two bands in acetic acid corresponded to the 
presence of 8-8 yg. of 2:4-dinitrophenol and 48 yg. 
of DNP-isoleucine in the whole of the original 
material. If 1 molecule of DNP-bacitracin A had 
yielded 1 molecule of DNP-isoleucine, the amount 
of the latter obtained in this experiment would 
have been about 600yug. If the small amount of 
2:4-dinitrophenol were assumed to be formed by 
decomposition of DNP-isoleucine during hydro- 
lysis, the yield would be raised from 8 to 10-4%. 

Amino acids from deaminated bacitracin A. After 
bacitracin A had been treated with nitrous acid 
and hydrolysed with 6N-HCl at 105° for 24 hr., one 
sample of the hydrolysate (200 ng.) was studied on 
a paper chromatogram run with butanol—acetic acid 
and another (70 ug. in 2 pl.) was subjected to iono- 
phoresis on paper in collidine acetate buffer, pH 7. 
The spots were coloured with ninhydrin. Iono- 
phoresis showed that the spot due to ornithine in 
hydrolysates of bacitracin A had disappeared. On 
the chromatogram, the cystine spot was replaced 
by a spot in the position of cysteic acid. There were 
faint unidentified spots between the glutamic acid 
and valine positions and also a spot slightly beyond 
the valine position. In addition there was a faint- 
yellow spot in the position of proline (R,, 0-35). 
Consden, Gordon & Martin (1947) reported that 
proline was formed from ornithine when peptides 
containing the latter were treated with nitrous acid. 

Another sample of the hydrolysate (from 5-2 mg. 
of deaminated bacitracin A) was examined on a 
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eolumn of Dowex 50. Table 3 shows the relative 
molar quantities of various amino acids found in the 
effluent from the column, assuming the value for 
leucine to be 1. 

It is evident that ornithine and alloisoleucine, 
which are both present in hydrolysates of baci- 
tracin A, were absent from the hydrolysate of the 
material that had been treated with nitrous acid. 
Fig. 1 shows the part of the effluent curve in which 
isoleucine and leucine emerged from the column, 
together with a comparable curve from a hydro- 
lysate of bacitracin A. 


Table 3. Relative amounts of amino acids in a 
hydrolysate of deaminated bacitracin A 


Hydrolysis was carried out in 6N-HCl at 105° for 24 hr. 


Molecules/molecule 


Amino acid of leucine 
Cysteic acid 0-31 
Aspartic acid 1-78 
Glutamic acid 0-89 
alloIsoleucine 0-00 
Isoleucine 1-93 
Leucine 1-00 
Phenylalanine 1-00 
Histidine 0-83 
Ornithine 0-00 
Lysine 0-71 
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In addition to the amino acids shown in Table 3, 
there were four small peaks due to unidentified 
ninhydrin-positive substances, one emerging just 
before glutamic acid and the other three between 
glutamic acid and isoleucine. One of the last three 
may have been due to cystine which had not been 
oxidized to cysteic acid. No analysis was made for 
proline. 


Products of hydrogenolysis of bacitracin A 


The finding of Newton & Abraham (19536) that 
the DNP derivative of desulphurized bacitracin A 
yielded some DNP-alanine on hydrolysis was 
confirmed. 

Properties of volatile bases. When desulphurized 
bacitracin A (1 mg.) was subjected to ionophoresis 
on paper in collidine acetate at pH 7 (14v/cm. for 
2 hr.) and the paper sprayed with ninhydrin, there 
were a strong spot due to neutral material and 
three weaker spots due to substances that had 
migrated rapidly towards the cathode. These basic 
substances will be referred to as «, 8 and y re- 
spectively, in order of increasing mobility. The 
mobility of « was almost the same as that of 
ornithine. The spot due to 8 was stronger than that 
due to « or y. All three substances could be 
distilled in steam, from an aqueous solution made 


(6) 
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Fig. 1. Elution from a column of Dowex 50 (0-9 em. x 100 cm.) of the alloisoleucine, isoleucine and leucine present in 
hydrolysates of (a) bacitracin A, and (b) deaminated bacitracin A. The conditions were those of Moore & Stein 
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alkaline with potassium carbonate, and collected in 
dilute hydrochloric acid; in this way they could be 
separated from the neutral peptide material which 
comprised the main bulk of desulphurized baci- 
tracin A. 

Virtually all the «, 8 and y formed on hydro- 
genolysis were present in desulphurized bacitracin 
A in the free state. After removal of the volatile 
free bases from a sample of the latter (5-2 mg.) by 
steam distillation of a solution made alkaline with 
barium hydroxide (pH approx. 12), barium was 
removed from the residual solution by precipitation 
as barium sulphate. The supernatant was evapor- 
ated to dryness and the residue hydrolysed with 
6N-HCl at 105° for 24hr. The hydrolysate was 
evaporated to dryness and the product distilled in 
steam from a solution made alkaline with barium 
hydroxide. The ratio of the ninhydrin colour 
density (Moore & Stein, 1954) of a sample of the 
first distillate to that of a comparable sample of the 
second was 6-5:1-0. When a sample of the second 
distillate was subjected to ionophoresis on paper 
(pH 7), traces of « and £ were revealed, but the 
intensity of the spots was less than that expected 
from the ninhydrin colour density of the distillate. 
The latter probably contained ammonia that had 
been formed during the hydrolysis with hydro- 
chloric acid. 

Samples of desulphurized commercial bacitracin 
(from lot 25, lot 311 and 7364-F. 9) were all found 
to contain three steam-volatile bases which were 
indistinguishable from «, B and y respectively by 
ionophoresis at pH 7. Further experiments were 
therefore carried out with the more readily 
available commercial material. These experiments 
led to the isolation of the three bases (see below). 


Table 4. Volatile bases from desulphurized 
bacitracin A 





Migration Ry value in 
(pH7) Amarante 
towards Butanol- Butanol- Approx. 
cathode acetic pyridine— yield 
Substance (cm.) acid water (pg./mg.) 
m 8-5 0-71 0-40 30 
9-75 0-79 0-65 13 
y 14 0-49 0-22 2 


The behaviour of the bases when studied separately 
by ionophoresis on paper at pH 7 (14v/cm. for 
2 hr.) and on paper chromatograms developed with 
butanol—acetic acid and with butanol—pyridine— 
water, is shown in Table 4. The bases were applied 
to the paper in the form of their hydrochlorides. In 
all the properties listed, « was indistinguishable 


from isoleucinol, 8 from 1-amino-2-methyl-n- 


. butane, and y from ethylamine. The DNP deri- 


vatives of « and y showed the same R, value as 
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DNP.-isoleucinol (0-88) and N-ethyl-2:4-dinitro- 
aniline (0-81) respectively on paper chromatograms 
developed with decalin—acetic acid—isopentanol. 
The identity of « and isoleucinol was confirmed by 
oxidizing the « with silver oxide. The product 
behaved as a neutral substance during ionophoresis 
on paper at pH 7 and showed the same FR, value as 
isoleucine on a chromatogram run with ¢ert.- 
pentanol—water. 

Table 4 also shows the approximate amounts of 
a, B and y which appeared to be present in 1 mg. of 
desulphurized bacitracin A. The values were 
estimated by visual comparison of the intensities of 
the spots obtained when desulphurized bacitracin 
A was subjected to ionophoresis on paper with 
those obtained from known amounts of the hydro- 
chlorides of isoleucinol, 1-amino-2-methyl-n-butane 
and ethylamine. 


Isolation of volatile bases. A solution of «, free from 8 and 
y, was obtained by subjecting desulphurized bacitracin 
(50 mg. from lot 25) to ionophoresis on paper. On a larger 
scale use was made of the fact that « and B could be 
extracted from an aqueous alkaline solution with ether, 
whereas y remained almost entirely in the aqueous phase. 
After treatment of the mixture of « and f with silver oxide 
the unchanged f could be readily separated from the 
isoleucinol formed from «. 

A solution of desulphurized bacitracin (6-2 g. of 7364- 
F. 9) in 36 ml. of water and 6 ml. of saturated aqueous 
K,CO, was shaken five times with 40 ml. of ether. The 
combined ethereal extracts were shaken three times with 
2n-HCl (40 ml.) and the aqueous solution was freeze- 
dried. The residue was dissolved in water (4-5 ml.), satur- 
ated aqueous K,CO, (4 ml.) was added and the volatile 
bases were distilled in steam into 2 ml. of 5n-HCl. The 
distillate (40 ml.) was freeze-dried, yielding 57 mg. of 
residue. The latter was oxidized in aqueous solution with 
silver oxide. The product was dissolved in water (3 ml.), 
0-3N-Ba(OH), (1 ml.) added and the volatile bases were 
removed by distillation in steam into 1 ml. of 5n-HCl. The 
distillate (40 ml.) was freeze-dried, yielding 26 mg. of 
residue. When a sample of the latter was subjected to 
ionophoresis on paper (pH 7), the main spot corresponded 
to B and there was only a trace of unchanged «. 

The pH of the alkaline solution of the non-volatile 
material was adjusted to 5 with 2n-H,SO,. After removal 
of the precipitated BaSO,, the supernatant yielded 43 mg. 
of a brown residue which consisted partly of BaCl,. 
Comparison of a sample of this material with known 
amounts of isoleucine on a paper chromatogram run with 
butanol-acetic acid indicated that it contained about 
3-5 mg. of isoleucine. It also contained unidentified 
material, since it showed an absorption maximum 
(#} 2 6-3) at 352 mp. When the material was desalted on a 
short column of Dowex 50, the product weighed 5-1 mg. 
Measurement of its ninhydrin colour density indicated that 
it contained 3-1 mg. of isoleucine. 

The fraction containing 8 was dissolved in water (1 ml.), 
aqueous saturated K,CO, (0-25 ml.) was added and the 
solution shaken four times with an equal volume of light 
petroleum (b.p. 60-80°). The extract was shaken with three 
lots (each 2 ml.) of 2N-HCl and the aqueous solution 
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evaporated to dryness, yielding 12-3 mg. of residue. By 
this procedure 8 was separated from traces of « and y. 
However, examination of samples of the product by iono- 
phoresis on paper and determination of its ninhydrin 
colour density indicated that it could contain only about 
25% of the hydrochloride of 1-amino-2-methyl-n-butane. 
Its ultraviolet absorption spectrum showed a weak 
maximum (H}%, 3-6) at 260 my. The unidentified material 
in the product appeared to remain in the supernatant when 
B was precipitated as its chloroplatinate. The product 
(12 mg.) was dissolved in one drop of water and a solution 
containing 8 mg. of platinic chloride in 0-1 ml. of N-HCl was 
added. The chloroplatinate of 8 separated as yellow plate- 
lets. After recrystallization from hot water it melted at 
192-195° (micro hot stage). After mixture with an authentic 
sample of the chloroplatinate of 1-amino-2-methyl-n- 
butane (m.p. 192—195°) the m.p. was 192-194°. Treatment 
of the chloroplatinate with aqueous K,CO,, distillation in 
steam and collection of the distillate in dilute HCl yielded 
a hydrochloride which showed the typical behaviour of B 
when subjected to chromatography or ionophoresis on 
paper. 

The volatile base remaining in the alkaline aqueous 
solution after « and 8 had been extracted from desul- 
phurized bacitracin with ether was distilled in steam and 
the distillate (100 ml.) collected in 20 ml. of 2n-HCl. The 
resulting solution was freeze-dried, yielding 200 mg. of a 
crystalline product which was found to be a mixture of the 
hydrochloride of y and NH,Cl. The mixture was shaken 
twice with 1 ml. of ethanol, which dissolved the y. The 
colourless crystalline residue was dried and analysed by the 
micro-Kjeldahl method. (Found: N, 24-7. Cale. for 
NH,Cl: N, 26-2%.) When mixed with an aqueous solution 
of sodium picrate it yielded yellow needles whose appear- 
ance under crossed nicols was identical with that of 
crystals of ammonium picrate (Richter, 1937). 

The material from the ethanolic extract, consisting of y 
and NH,Cl, wassubjected to ionophoresis in 0-05M potassium 
phosphate buffer, pH 6-7, on four sheets of Whatman no. 
3MM paper, each sheet carrying 20 spots. A potential of 
5-6v/em. was applied for 4hr. After y had been eluted 
from the paper with water the eluate was mixed with 4 ml. 
of a saturated solution of K,CO,, distilled in steam, and the 
distillate collected in 2 ml. of N-HCl. Evaporation of the 
distillate (20 ml.) to dryness yielded 6 mg. of residue. 
A sample of the latter (2-4 mg.) was dissolved in two drops 
of water and 0-5 ml. of a saturated aqueous solution of 
picric acid was added. On concentrating in a vacuum 
desiccator yellow crystals separated, which were filtered, 
recrystallized from hot water and dried in vacuo (2-5 mg.). 
The picrate had m.p. 163-166°. When mixed with an 
authentic sample of ethylamine picrate (m.p. 166—167°), 
the m.p. was 166—167°. 





Analysis on Dowex 50 of isoleucine formed by 
oxidation of the isoleucinol from desulphurized 
bacitracin 
A sample (0-5 mg.) of the isoleucine obtained as 

described above was mixed with authentic DL- 

leucine (0-25 mg.) and the mixture analysed on a 

column of Dowex 50. The leucine had previously 

been shown to yield a single peak when chromato- 
graphed under these conditions. The results are 
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shown in Fig. 2. The product from desulphurized 
bacitracin consisted of 60 % of isoleucine and 40% 
of alloisoleucine. A sample (0-18 mg.) of isoleucine 
formed by oxidation of isoleucinol that had been 
obtained in another experiment with desulphurized 
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Fig. 2. Elution from a column of Dowex 50 (0-9 cm. x 
100 cm.) of a mixture of leucine and the product of 
oxidation of isoleucinol from desulphurized bacitracin. 
The conditions were those of Moore & Stein (1951). 
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Fig. 3. Elution from a column of Dowex 50 (0-9 cm. x 
100 cm.) of alloisoleucine, isoleucine and leucine. —, 
Hydrolysate of bacitracin A; ----, hydrolysate of 
bacitracin A mixed with the product of oxidation of 
isoleucinol from desulphurized bacitracin. The condi- 
tions were those of Moore & Stein (1951). 
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bacitracin was mixed with one-half of the product 
obtained by hydrolysing bacitracin A (9-74 mg.) 
with 6N-HCl at 105° for 24 hr. The mixture was 
analysed on a column of Dowex 50, and the second 
half of the hydrolysate of bacitracin A was 
analysed separately. The results are shown in 
Fig. 3. The material added to the first half of the 
hydrolysate appeared to consist of 67% of iso- 
leucine and 33% of alloisoleucine. The isoleucine 
used in this case had been prepared by a process 
which was similar to the one described above, with 
the exception that distillation in steam was 
replaced by extraction with ether. Steam distil- 
lation under alkaline conditions was avoided in 
order to minimize the possibility of racemization 
during the course of purification. 


DISCUSSION 


Analysis of the amino acids present after bacitracin 
A had been hydrolysed in 6N hydrochloric acid at 
105° for 24 hr. indicated that there were 2 mol. of 
isoleucine and 0-5 mol. of alloisoleucine for each 
molecule of leucine. The amount of isoleucine was 
somewhat larger when hydrolysis was continued 
for 90 hr. 

The value for isoleucine and alloisoleucine com- 
bined, which is higher than that previously re- 
corded (Hausmann et al. 19555), is consistent with 
the assumption that the isoleucine—alloisoleucine 
mixture in hydrolysates is derived from three 
residues in the molecule of bacitracin A. Harfenist 
(1953) and Hirs, Stein & Moore (1954) pointed out 
that prolonged hydrolysis was required to liberate 
all the isoleucine from certuin peptides. One of the 
isoleucine residues of bacitracin A appears in 
partial hydrolysates in the peptide Ileu. Phe and 
another in the peptides Ileu. Lys and Ileu(Asp) . Lys. 
All these peptides have been found to be particu- 
larly resistant to further hydrolysis (Hausmann 
et al. 19556; Lockhart & Abraham, 19546). It 
would therefore be understandable if the yield of 
isoleucine were less than theoretical. 

Assuming that bacitracin A does not consist of 
two peptides with different N-terminal residues, 
the value 0-5 for the quotient alloisoleucine/leucine 
must be accounted for by racemization of the 
a-carbon atom of either an isoleucine residue or an 
alloisoleucine residue. However, only the former 
explanation, which has been suggested by Haus- 
mann et al. (19556), seems to be consistent with the 
results of other experiments. 

The ninhydrin colour density given by bacitracin 
A, which is 1-5 times as large per mole as that given 
by leucine, supports the view that the molecule 
contains a free amino group other than the $-amino 
group of ornithine. Among the compounds used 
for comparison, 6-aminohexanoic acid showed a 
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colour density per mole which was almost as high 
as that shown by leucine. The corresponding values 
for the compounds containing two free amino 
groups were greater than the value for leucine but 
less than that for bacitracin A. It is possible that the 
ninhydrin colour given by a large molecule con- 
taining two free amino groups will depend partly on 
the distance of one amino group from the other. 

There is no doubt that the dinitrophenyl 
derivative of bacitracin A yields DNP-isoleucine 
(and/or DNP-alloisoleucine) on hydrolysis. The 
derivatives of isoleucine are the only identified 
products that could have been derived from an N- 
terminal residue; but the poor yield in which these 
derivatives were obtained, and the fact that the 
DNP.-isoleucine was accompanied by uncharacter- 
ized ether-soluble material, indicate that there are 
unknown factors in the formation or hydrolysis of 
the DNP-derivatives of the polypeptide. Porath 
(1954) has stated that samples of commercial 
bacitracin contain isoleucine. He has suggested 
that the latter is still present in preparations of 
bacitracin A and may be responsible for reports 
that isoleucine occurs as an N-terminal amino acid. 
However, in the solvent system used here for its 
isolation, bacitracin A has a partition coefficient 
which is more than ten times as large as that of 
isoleucine. No significant amount of isoleucine 
could therefore have remained in the band from 
which the final product was isolated. 

The reaction of bacitracin A with nitrous acid, 
which yields a product that gives no alloisoleucine 
on hydrolysis, appears to have produced clear 
evidence that the alloisoleucine is derived from an 
N-terminal residue. The latter is presumably 
adjacent to the potential cysteine residue, since 
Lockhart & Abraham (19546) reported that iso- 
leucine residues in two other positions in the mole- 
cule remained intact in the deaminated product. 

Additional evidence for this view has come from 
the study of the products of hydrogenolysis of 
bacitracin A. Preliminary experiments showed that 
the amino alcohol first found in hydrolysates of 
desulphurized bacitracin A might be isoleucinol, 
and that the aldehyde formed on oxidation with 
periodate might be «-methylbutyraldehyde. An 
indication that the amino alcohol was isoleucinol 
was obtained from its behaviour on two-dimen- 
sional paper chromatograms, run first with butanol— 
acetic acid and then with phenol in the presence of 
5Nn hydrochloric acid. This view gained support 
when the 2:4-dinitrophenylhydrazone of the alde- 
hyde was shown to have the same R, value as 
a-methylbutyraldehyde  2:4-dinitrophenylhydra- 
zone on paper chromatograms (Burton, 1954), and 
it was consistent with the later finding that the 
sequence Ileu.CyS- occurred in the molecule. The 
work described here has shown conclusively that 
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isoleucinol is a product of hydrogenolysis of baci- 
tracin A, and also that the isoleucinol appears in 
the free state before hydrolysis of the peptide 
chain with hydrochloric acid. From this behaviour 
it is reasonable to conclude that the isoleucinol is 
derived from an N-terminal isoleucine residue. The 
finding that free 1l-amino-2-methyl-n-butane is 
formed on hydrogenolysis may be interpreted in a 
similar way. Among the amino acid residues 
known to be present in the molecule, isoleucine is 
the only conceivable source of this substance. 
Reactions which appear to occur when bacitracin 
A is treated with Raney nickel, and when it is 
inactivated with hot dilute acid, are illustrated by 
the scheme shown in Fig. 4. The interrupted lines 
show the bonds broken on hydrogenolysis. The 
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and that the resulting isoleucinol might therefore 
be obtained largely in one optical form. After 
oxidation of the isoleucinol to isoleucine, analysis 
on columns of Dowex 50 made it possible to deter- 
mine whether the isoleucine was a mixture of 
diastereoisomers. The results showed that con- 
siderable racemization had, in fact, occurred, but 
that isoleucine, and not alloisoleucine, was the 
major product. They were therefore consistent 
with the assumption that an isoleucine residue 
occupies the N-terminal position in the intact 
molecule of bacitracin A, and that the alloisoleucine 
in hydrolysates is derived from this residue. It may 
be mentioned that Brockmann, Grubhofer, Kass & 
Kalbe (1951) isolated p-alloisoleucine from the 
products of hydrolysis of actinomycin C. In this 
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formation of 1l-amino-2-methyl-n-butane and of 
ethylamine involves the breaking of carbon— 
earbon bonds. This is known to occur, to a minor 
degree, during the action of Raney nickel on 
penicillin (Kaczka & Folkers, 1949). 

Ehrlich (1907) found that L-isoleucine yielded a 
mixture of L-isoleucine and pD-alloisoleucine when 
heated with barium hydroxide solution at 180°. 
Assuming that the alloisoleucine found in acid 
hydrolysates of bacitracin A had been formed by 
racemization from an N-terminal isoleucine, it was 
thought that this change might not take place 
readily during hydrogenolysis with Raney nickel 


case, however, racemization does not seem to be 
involved, since no other isomer of isoleucine was 
reported to be present. 

The racemization of «-amino acids is generally 
thought to be a consequence of the ionization of a 
hydrogen on the «-carbon atom (Neuberger, 1948). 
In the 2-(1-amino-2-methyl -n -butyl)thiazoline 
which appears to form the terminal part of the 
bacitracin A molecule, the ionization of hydrogen 
on the carbon carrying the amino group should be 
facilitated, under strongly acid conditions, by the 
positive charges on the nitrogen atoms and by the 
possibility of resonance in the resulting structure. 
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Under these conditions the rate of racemization 
might be sufficiently rapid to compete with re- 
actions that result in the opening of the thiazoline 
ring and the formation of a normal peptide bond 
(Fig. 5). 

Racemization of the isoleucine obtained by 
oxidation of the isoleucinol from desulphurized 
bacitracin may have occurred partly during the 
process of isolation, but, in view of the relatively 
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SUMMARY 


1. The isoleucine in hydrolysates of bacitracin A 
has been analysed on columns of Dowex 50. After 
hydrolysis with 6N hydrochloric acid for 24 hr., 
about 2 mol. of isoleucine and 0-5 mol. of alloiso- 
leucine were found to be present for each molecule 
of leucine. The amount of isoleucine was somewhat 
larger after hydrolysis for 90 hr. 


H,C S—CH H,C S—CH, 
Non—4—0f ‘ ; ie Nou—c=c7 
H.C/ NH,* ee H,C, NH,* eee 
Fig. 5 





mild conditions that were used, it appears more 
likely to have taken place during hydrogenolysis. 
However, the possibility that some racemization 
may occur during the isolation of bacitracin A 
itself, without fission of the sulphur-containing 
ring, cannot be ignored. 

The results presented in this paper seem to be 
best explained by the assumption that a thiazoline 
ring is present in bacitracin A. Moreover, two 
properties of bacitracin A whose interpretation was 
previously uncertain now appear to be consistent 
with the thiazoline hypothesis. The failure to 
detect a basic group in the molecule which could be 
attributed to the nitrogen of a thiazoline ring 
(Newton & Abraham, 19536) is understandable if 
the thiazoline is substituted by an N-terminal 
residue. The presence of a positively charged amino 
group in this residue, in addition to the CO of the 
amide linkage through which the residue is linked to 
the peptide chain, might well bring the pK of the 
thiazoline nitrogen below the range that was 
covered by electrometric titration. The decrease in 
molecular extinction coefficient at 254 mp., which 
occurs when bacitracin A is inactivated by acid 
(Newton & Abraham, 19536), is similar to the 
molecular extinction coefficient that Kuhn & 


| Drawert (1954) have reported for 2-methylthiazo- 


line in this region. Nevertheless, there are clearly 
properties of the thiazoline structure which need 
further exploration. The reasons for the low values 
obtained when the N-terminal residue is estimated 
by the use of FDNB remain uncertain. At least one 
product that has not yet been identified appears to 
be formed during hydrogenolysis with Raney 
nickel. The mechanism whereby the amino group 
of the N-terminal residue may interact with a 
phenylalanine residue in the peptide chain, and the 
possibility, mentioned by Hausmann et al. (1955a), 
that acyl migration between sulphur and nitrogen 
plays a part in the chemistry of bacitracin A, are 
among other interesting problems for future 
investigation. 


2. The ninhydrin colour density given by baci- 
tracin A indicated that a free amino group other 
than the 5-amino group of ornithine was present in 
the molecule. In hydrolysates of DNP-bacitracin 
A, DNP-isoleucine (and/or DNP-alloisoleucine) was 
the only identified product that could have been 
derived from an N-terminal residue. 

3. Deaminated bacitracin A, obtained by treat- 
ing bacitracin A with nitrous acid, yielded no allo- 
isoleucine on hydrolysis. Ornithine was also absent 
from the hydrolysate and cysteine had been partly 
oxidized to cysteice acid. The remaining amino acids 
appeared to be unchanged. 

4. Hydrogenolysis of bacitracin A with Raney 
nickel resulted in the formation of an N-terminal 
alanine residue and three volatile bases. The latter 
were identified as isoleucinol, 1-amino-2-methyl-n- 
butane and ethylamine respectively. Using com- 
mercial bacitracin, 1-amino-2-methyl-n-butane was 
isolated as a chloroplatinate and ethylamine as a 
picrate. 

5. The isoleucinol obtained by hydrogenolysis of 
commercial bacitracin was oxidized to isoleucine. 
Analysis of the latter on columns of Dowex 50 
showed that it was a mixture of isoleucine and 
alloisoleucine, the isoleucine being the major 
component. 

6. These results are thought to be consistent 
with the view that bacitracin A contains three 
isoleucine residues, that an N-terminal isoleucine 
residue is condensed with the cysteine residue to 
form a thiazoline ring, and that racemization of 
this isoleucine residue is responsible for the allo- 
isoleucine that appears in hydrolysates. 
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Nitrogen Excretion in the Tadpoles of Xenopus laevis Daudin 


By ELUNED E. UNDERHAY* anp E. BALDWIN 
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(Received 13 May 1955) 


As was pointed out by Delaunay (1931), and 
emphasized by Needham (1931), the excretion of 
ammonia as the predominant end-product of pro- 
tein metabolism is characteristic of aquatic animals 
as a whole but is supplanted by that of urea 
(amphibia; chelonian reptiles; mammals) or uric 
acid (saurian reptiles; birds) in amphibious and 
Needham (1931) collected 


terrestrial animals. 


numerous data in support of this general proposi- 


sion. 
The amphibia are of particular interest from this 


point of view since they are, in general, wholly 
* Present address: Courtauld Institute of Biochemistry, 
The Middlesex Hospital Medical School, London, W. 1. 


aquatic during the larval period and go on the land 
only after metamorphosis. Munro (1939) found 
that the tadpoles of Rana temporaria are wholly 
ammoniotelic, and that the transition to ureo- 
telism takes place in the course of metamorphosis. 
Thus this animal recapitulates its chemical as well 
as its evolutionary past in the course of its larval 
development. 

In Xenopus laevis we have an amphibian which 
passes both its larval and adult lives without 
leaving the water. Unlike Rana and the other 
frogs and toads that have been studied, the adult 
Xenopus continues to excrete the bulk of its waste 
nitrogen as ammonia (Munro, 1953; Cragg, 1953). 
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Ammonia-nitrogen accounts for 60-80% of the 
total nitrogen, but urea is nevertheless present in 
the excreta and accounts for some 20 % of the total 
nitrogen. These facts harmonize with the generally 
accepted opinion that Xenopus is descended from 
truly amphibious and therefore presumably ureotelic 
ancestors, but has made a secondary return to the 
water. In so doing it has reverted largely to the 
aquatic and ammoniotelic type, though retaining 
still a small measure of ureotelism as evidence of its 
evolutionary past. 

A somewhat similar case was discovered by 
Moyle (1949) among chelonian reptiles; here 
typically amphibious species excrete some 40-60 % 
of the total nitrogen in the form of urea and only 
some 5 % as ammonia, whereas secondarily aquatic 
forms produce only about 20-25% of the total 
nitrogen as urea and about 20% in the form of 
ammonia. 

Interesting changes in the nitrogen excretion of 
Xenopus tadpoles are evidently to be expected, 
though Munro (1939, 1953) could find no evidence 
that they and the tadpoles of Rana behave at all 
similarly; Rana, but not Xenopus, changed over to 
ureotelism at metamorphosis. 

Cragg (1953) found that adult specimens of 
Xenopus, if kept in moist surroundings, but out of 
water, excreted very little nitrogen but appeared 
rather to store it as urea, for, on their return to the 
water, a massive excretion of urea took place. 
Little ammonia was excreted, and only after some 
days was the normal pattern of excretion re- 
established. In this respect Xenopus resembles the 
lungfish Protopterus during and immediately after 
aestivation (Smith, 1936). Alexander & Bellerby 
(1938) report that the adult Xenopus commonly 
aestivates during the dry season and it seems prob- 
able that it survives by storing urea, as does 
Protopterus, until the rains come. 

Clearly, then, in spite of its ammoniotelic habits, 
Xenopus has the ability to produce urea from the 
bulk of its waste nitrogen. It seemed to us desirable 
to discover, if we could, at what stage in develop- 
ment this ability makes its appearance. Tadpoles of 
Xenopus were accordingly examined at intervals 
up to the end of metamorphosis. Ammonia and 
urea were determined in the environment at a 
number of stages and the ratios of ammonia- 
nitrogen to urea-nitrogen so obtained were com- 
pared at successive developmental stages. 


MATERIALS AND METHODS 


Care of animals. Tadpoles of Xenopus laevis were ob- 
tained 2 days after hatching and immediately pipetted into 
tall glass jars, each containing about 4-51. of tap water. 
From 45 to 50 tadpoles were placed in each jar and kept 
under conditions similar to those described by Deanesly & 
Parkes (1945). No special precautions were taken to keep 
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the temperature of the water constant; daily observations 
of the maximum and minimum air temperature showed 
that it fluctuated between 13° and 24°. 

The tadpoles were fed entirely on freeze-dried liver 
powder from which the larger particles had been removed 
by sieving. From about the age of 1-7 weeks they were fed 
twice weekly and then three times weekly until meta- 
morphosis. After metamorphosis small pieces of rat liver 
or earthworm were substituted for the liver powder. 

As the time of metamorphosis approached the animals 
were allowed a greater volume of water. At metamor- 
phosis, which began about 11 weeks after hatching, some 
individuals were placed in separate small vessels for 
observation, but because of the large numbers this was not 
possible in all cases. 

Collection of excretory products. For the collection of 
excretory products, animals were kept in a known volume 
of water for 24 hr., the number of animals in each experi- 
ment depending upon their size and the volume of water 
used. Each group was so selected that its members were 
all at a similar stage of development. An immediate 
initial determination of any NH, that might have been 
transferred with the animals was made. No food was 
given during the test period, but the animals were fed 
normally up to the start of the 24 hr. collection period. At 
the end of this time the tadpoles were removed from the 
water, drained on filter paper and weighed in a bottle 
containing a few millilitres of clean water. The samples 
were filtered to remove any faecal matter and then 
analysed. 

No animals died during the collection periods, although 
a small number, especially in the early stages, died as 
a result of being weighed. 

Ammonia was determined colorimetrically by the 
phenol-hypochlorite reaction. The method was essentially 
that used by Russell (1944), except that bleaching powder 
was replaced by a 40% (v/v) solution of Deosan (Deosan 
Ltd., 345 Gray’s Inn Road, London, W.C. 1). All determi- 
nations were carried out with a Gallenkamp colorimeter 
fitted with an Ilford 204 filter (orange-red). Ammonium 
sulphate solutions were used as standards for calibra- 
tion. 

With all solutions containing tap water, i.e. urine 
specimens and standards, a slight brown gelatinous pre- 
cipitate formed when the colour developed during heating 
in the water bath, and this was removed by filtration. 
Control experiments with standard solutions in both tap 
and distilled water showed that filtration did not affect the 
colorimeter readings. 

The laboratory atmosphere was kept as free as possible 
of ammonia. To discover whether any absorption of 
atmospheric ammonia took place, tubes containing 
standard solutions of ammonium sulphate were left, at 
various stages during the colour development, for 5 min. on 
the bench near an unstoppered bottle containing dilute 
NH, soln. No absorption could be detected. 

Urea was determined by treating the specimens with 
soya-bean urease in a Conway unit, the NH, produced 
being allowed to distil into boric acid and then estimated 
together with the preformed NH, (i.e. the fraction excreted 
as free NH;) by the procedure described above. Preformed 
NH, itself was also determined after distillation in a 
Conway unit to check possible losses, which proved, how- 
ever, to be negligible. 
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RESULTS 


The growing tadpoles, even when kept under 
identical conditions, do not reach any given stage 
of development at the same age. However, when 
animals of different age but at the same develop- 
mental stage were studied, it was found that the 
changes in the percentage of nitrogen excreted as 
ammonia corresponded to the developmental stage 
and to weight but not to age. This is shown by the 
results given in Table 1. 


Table 1. Effect of age, weight and development 
on ammonia production 


The weight groups are selected from those listed in 
Table 2 and the number of animals in each group is given 
there. A, Animals of the same age vary in size and also in 
excretory product; B, animals of different age but similar 
size show similar excretory behaviour. 


Total pg. of Percentage of 

Age Weight N excreted/g. total N as 

(days) (mg.) body wt./day free NH, 
A 38 46 302 78 
40 224 253 52 
A 52 142 352 50 
54 34 141 75 
59 366 229 39 
B 24 39 278 79 
54 34 141 75 
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To follow the changes that occur in the excretion 
of ammonia and urea up to and through the period 
of metamorphosis, the animals were therefore 
divided into groups with similar characteristics of 
development and thus of similar weight. 

As Table 2 shows, very young tadpoles excrete 
nitrogen mainly in the form of ammonia. As they 
gain in weight the relative percentage of ammonia 
decreases and reaches a minimum at the time when 
the hindlimbs are developing but increases again 
when the forelimbs emerge and the head and tail 
shrink. After completion of metamorphosis the 
excretion of ammonia is still higher and exceeds 
by far that during metamorphosis itself. 

The results listed in Table 2 also show that the 
total nitrogen excreted per day per gram body 
weight increases abruptly when head and tail are 
shrinking. A similar but less marked change has 
been reported by Munro (1953). 


DISCUSSION 


These results show that the larval Xenopus laevis 
passes under normal conditions through a stage 
during which a significantly higher percentage of 
nitrogen is excreted in the form of urea than is 
found in either very young larvae or in the adult. 
These findings are at variance with those of Munro 
(1953), but the discrepancy may well be due to the 





Table 2. Nitrogen partition in excreta of developing Xenopus tadpoles 


Average pg. of N excreted/ 
wt. of one Total vol. tadpole/24 hr. . . Total pg. N 
animal No. of of water ———? Ammonia-N excreted/day/ 
Developmental stage (mg.) animals (ml.) NH, NH, + urea Urea-N g. of animal 
Hindlimbs absent 9-25* 18 25 2-9 3°3 7:3 _- 
16-24* 20 25 5-1 5:7 8-5 os 
22 12 30 2-1 2-9 2-6 130 
23 10 25 6-1 7:8 3-6 337 
34 15 30 3-6 4:8 3-0 141 
39 10 30 8-6 10-9 3-7 278 
46 10 30 10-9 13-9 3-6 302 
75 10 50 11-0 17-0 1-8 227 
97 6 50 19-3 31-2 1-6 322 
Hindlimbs developing 142 5 50 25-0 50-0 1-0 352 
224 4 112 31-5 60-0 1-1 253 
230 4 98 22-9 49-9 0-85 217 
258 + 100 44-0 65-5 2-0 254 
366 4 98 32-3 83-5 0-63 229 
446 4 93 27-9 71:8 0-64 161 
488 3 99 52:8 138-6 0-62 284 
516 3 99 81-8 135-7 15 283 
584 3 95 54:3 82-8 1-9 142 
Forelimbs emerged, head 602 2 99 122-8 186-6 1-9 310 
and tail unchanged 763 2 99 62-0 149-8 0-7 196 
Head shrunk and tail 323 3 100 122-0 188-7 1-8 584 
shrinking 
Tailless: metamorphosis 496 3 99 231-7 311-2 2-9 627 


completed about 10 days 
previously 

* Upper and lower weight limits calculated by extrapolation from (ammonia + urea)-N/g. animal/24 hr in all the 

other experiments apart from those during metamorphosis. 
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fact that Munro’s experiments were carried out 
under less satisfactory conditions; he himself 
states that more than half the tadpoles died during 
the first week, and that from the original 250 eggs 
only 10 survived to metamorphosis. Our own 
animals were well fed on a high-protein diet and 
had a high survival rate. Munro, on the other 
hand, does not state that his animals were fed but 
only that they were kept in water ‘to which had 
been added an infusion of raffia, mud and weed 
obtained from a pond supporting a large frog 
population’. 

According to our findings the changes during 
metamorphosis are similar to those found in other 
amphibians for which the ratio of ammonia to urea 
during development has been investigated. These 
are Rana temporaria, Bufo bufo bufo, Triturus 
vulgaris, cristatus and Azolotl (Munro, 1939, 1953). 
The only difference between Xenopus and these 
other species is that whereas Xenopus returns to 
a predominant excretion of ammonia after dis- 
playing a tendency to ureotelism during its larval 
life, the other species become and remain ureotelic 
during adult life. It appears in fact that a pro- 
gressive tendency towards ureotelism is a feature of 
the larval life of amphibia in general, but, whereas 
the completion of metamorphosis is commonly 
attended by the development of total ureotelism, 
Xenopus shows only a transient move towards 
ureotelism and reverts towards ammoniotelism 
again even before the forelimbs begin to emerge. 

Taken together with the observations of Cragg 
(1953) and Munro (1939, 1953), our results suggest 
that if Xenopus were to live a terrestrial or semi- 
terrestrial instead of an aquatic life, it would be 
capable of meeting the problems of nitrogen dis- 
posal in the manner usual among amphibia, i.e. by 
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ureotelism. Indeed, it seems likely that its survival 
during the dry season depends upon precisely this 
device. Certainly the dependence of Xenopus on 


an aquatic habitat is not to be attributed to failure 
to develop the machinery necessary for ureogenesis. 


SUMMARY 


1. The excretion of nitrogen in the form of 
ammonia and urea by Xenopus tadpoles has been 
studied up to the end of metamorphosis. 

2. There is a marked increase in the relative 
proportion of urea nitrogen in the early stages of 
metamorphosis followed by a fall as metamorphosis 
proceeds. 

3. The total nitrogen excreted/gram body 
weight/24 hr. shows a sharp increase in the late 
stages of metamorphosis. 


Our thanks are due to Dr D. R. Newth, who kindly 
provided the tadpoles used in this work, to Dr Mavis 
Cragg for permission to quote from her unpublished results, 
and to Dr W. H. Hampton, who first drew our attention to 
the fact that Xenopus tadpoles excrete urea. 
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The Branched-Chain Fatty Acids of Ox Fat 


3. THE ISOLATION OF 14-METHYLPENTADECANOIC ACID (ISOPALMITIC ACID) 
FROM OX PERINEPHRIC FAT* 


By R. P. HANSEN, F. B. SHORLAND anp N. JUNE COOKE 
Fats Research Laboratory, Department of Scientific and Industrial Research, Wellington, New Zealand 


(Received 8 June 1955) 


Ox perinephric fat has been shown to contain trace 
quantities of the branched-chain fatty acids (+ )- 
14-methylhexadecanoic acid (Hansen, Shorland & 
Cooke, 1952) and 15-methylhexadecanoic acid 
(Hansen, Shorland & Cooke, 19556); in this paper 
is reported the occurrence of the C,, iso-acid 14- 
methylpentadecanoic acid. 


* Part 2: Hansen ef al. (19555). 


EXPERIMENTAL 


As reported earlier (Hansen et al. 19555) fractionation of 
the ‘liquid’ methyl esters obtained from hydrogenated ox 
perinephric fat yielded 22 fractions, the following four of 
which pertain to this paper: J/21, L12, wt. 38-06 g., 
saponification equiv. 272-1, m.p. 22-8-23-8°; J/21, L13, 
wt. 41-59 g., saponification equiv. 272-3, m.p. 23-9-25-9°; 
J/21, L14, wt. 41-72 g., saponification equiv. 273-1, m.p. 


35-2 





548 


25-8-26-5°; pg L15, wt. 40-78 g., 
275-2, m.p. 17-2-19-2°. 

These were combined (denoted U10), freed from un- 
saponifiable matter and refractionated as methyl] esters in 
column C (Shorland, 1952) to give 18 fractions and a 
residue. As the first 14 fractions (U10L1 to U10L14) all 
possessed saponification equiv. approximating to 270 and 
m.p.’s ranging between 22-0° and 28-5°, they were com- 
bined (129 g.) and as methyl esters crystallized 4 times from 
40 vol. of acetone at —45°. The soluble fractions which 
were separated from the insoluble fractions after each 
crystallization were bulked (denoted U31, wt. 25-3 g.) and 
refractionated in column E (Shorland, 1952) to yield 13 
fractions (U31L1 to U31L13) and a residue (U31LR) as 
shown in Table 1. 


saponification equiv. 


Table 1. Fractionation of U31 methyl esters (25-3 g.) 


Wt. Saponification 


Fraction (g.) equiv. M.p. 
U31L1 1-50 259-3 1-7— 5-5° 
U31L2 3°35 260-1 6-0— 7-0 
U31L3 2-97 266-1 12-5-13-2) 
U31L4 2-19 267-7 14-0-14-5 
U31L5 1-77 268-6 12-8-14-0 
U31L6 2-27 269-5 13-0-13-5 + U43 
U31L7 0-35 269-0 12-2-13-5 
U31L8 1-55 269-8 10-0-13-0 
U31L9 1-51 269-4 10-8-11-9 
U31L10 1-46 270-7 6-0-— 8-2 
U31L11 1-57 276-1 4-7— 7:3 
U31L12 0-92 280-2 1-0-— 5-0 
U31L13 1-47 284-4 1-0- 3:3 
U31LR 1-98 378-1 — 





Fractions U31L3 to U31L9 inclusive were combined as 
acids (denoted U43, wt. 11-89 g.) and submitted to 20 
erystallizations, 4 times from 40 vol. of light petroleum 
(b.p. 50-60°) at — 40°, once from 40 vol. of light petroleum 
(b.p. 50-60°) at —70°, 3 times from 40 vol. of acetone at 
— 40°, 4 times from 20 vol. of ether at — 70°, once from 
100 vol. of ether at — 25°, once from 40 vol. of methanol at 
— 40°, and 6 times from 20 vol. of ether at — 40°. The final 
separation resulted in a soluble fraction U43S12LS6L (A), 
wt. 0-25 g., m.p. 58-0-59-6°, and an insoluble fraction 
U43S12LS6S (B), wt. 5-50g., m.p. 62-0-62-6°. (In all 
crystallizations the soluble fraction was removed and the 
insoluble fraction recrystallized except where 100 vol. of 
ether at — 25° was employed, and there the resulting soluble 
fraction was recrystallized.) Fatty acid fraction B had 
m.p. 62-0-62-6°. Arosenius, Stallberg, Stenhagen & 
Tagtstrém-Eketorp (1949) record m.p. 61-5-61-6°, Fordyce 
& Johnson (1933) 61-8-62-4°, Weitkamp (1945) 62-4° and 
Milburn & Truter (1954) 61-4-62-0°. The mixed m.p. with 
an equal wt. of 14-methylpentadecanoic acid (recorded 
m.p. 62-4°, our value 62-3-62-4°) supplied by Weitkamp 
(1945) was 62-2-62-6°. Mixed with an equal wt. of n- 
hexadecanoic acid (m.p. 62-9-63- ‘s). it gave m.p. 49-7- 
50-6° (cf. Weitkamp, 1945). It had n7f 1-4293, X-ray long 


spacing 30-24+0-5A (Arosenius et al. 1949 record 30-44), 
iodine value 0-0, and C-methyl value 6-4%, equiv. to 
1-1 mol. of acetic acid (cf. Ginger, 1944). (Found: C, 75-0; 
H, 12-5%; saponification equiv., 256-3. Calc. for C,gH320, : 
C, 75-0; 
methyl ester had m.p. 16-9-17-7°; n} 


H, 126%; saponification | equiv., 256-4.) The 


 1-4402. 
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In the X-ray work manganese-filtered iron Ka radiation 
was used and the measurements were made with a Philips 
Geiger-counter X-ray spectrometer. The sample was 
melted on a glass slide and cooled. 

All melting points were determined in closed capillaries 


and are uncorrected. 
Both the combustion analysis and the C-methy] deter- 
mination were made by ‘Weiler and Strauss, Oxford. 


DISCUSSION 


The chemical and physical properties of fraction B 
identify it as the C,, iso-acid 14-methylpenta- 
decanoic acid. 

isoPalmitic acid has been synthesized (Fordyce & 
Johnson, 1933; Arosenius et al. 1949; Milburn & 
Truter, 1954), and has been identified in wool wax 
(Weitkamp, 1945). It has not, however, been 
formerly isolated from a natural fat. Indeed, only 
one other even-numbered iso-acid, 12-methyltri- 
decanoic acid (isomyristic acid), has been located in 
a natural fat (Hansen, Shorland & Cooke, 19545). 
Although the complete series of even-numbered 
7so-acids from Cy, to Cy, inclusive has been shown to 
be present in wool grease (Weitkamp, 1945), no 
odd-numbered 7so-acids have been reported there 
as they have in butterfat (Hansen & Shorland, 
1951; Hansen, Shorland & Cooke, 1954a; Shorland, 
Gerson & Hansen, 1955; Hansen, Shorland & 
Cooke, 1955a), mutton fat (Hansen, Shorland & 
Cooke, 1953) and ox fat (Hansen et al. 19556). 

The occurrence of both odd- and even-numbered 
7so-acids in natural fats could be explained by 
deamination in the rumen of the appropriate amino 
acids, namely, valine and leucine, to give isobutyric 
and isovaleric acids respectively (cf. El-Shazly, 
1952). Successive condensation of these acids with 
acetate could give the odd and even series of iso- 
acids found in natural fats. 

The present investigation suggests that 14- 
methylpentadecanoic acid occurs in hydrogenated 
ox perinephric fat to the extent of approximately 
0-1% of the weight of the total fatty acids. 


SUMMARY 


14-Methylpentadecanoic (isopalmitic) acid is shown 
to be present in ox perinephric fat and is estimated 
to represent 0-1% of the weight of the total fatty 
acids. 

We wish to acknowledge with thanks the assistance 
given by Mr M. Fieldes, Soil Bureau, Department of 
Scientific and Industrial Research, Wellington, New 
Zealand, who carried out the X-ray measurement reported 
in this paper. 


REFERENCES 


Arosenius, K.E., Stallberg, G., Stenhagen, E. & Tagtstrém- 
Eketorp, B. (1949). Ark. Kemi Min. Geol. A, 26, no. 19. 
El-Shazly, K. (1952). Biochem. J. 51, 647. 


an Oe a - eee ae oe ae ee ee 








re 


we oe 





Vol. 61 


Fordyce, C. R. & Johnson, J. R. (1933). J. Amer. chem. Soc. 
55, 3368. 

Ginger, L. G. (1944). J. biol. Chem. 156, 453. 

Hansen, R. P. & Shorland, F. B. (1951). Biochem. J. 50, 
207. 

Hansen, R. P., Shorland, F. B. & Cooke, N. J. (1952). 
Biochem. J. 50, 581. 

Hansen, R. P., Shorland, F. B. & Cooke, N. J. (1958). 
Biochem. J. 58, 374. 

Hansen, R. P., Shorland, F. B. & Cooke, N. J. (1954a). 
Biochem. J. 57, 297. 


14-METHYLPENTADECANOIC ACID 


549 


Hansen, R. P., Shorland, F. B. & Cooke, N. J. (19545). 
Biochem. J. 58, 358. 

Hansen, R. P., Shorland, F. B. & Cooke, N. J. (1955a). 
Chem. & Ind. p. 92. 

Hansen, R. P., Shorland, F. B. & Cooke, N. J. (19555). 
Biochem. J. 61, 141. 

Milburn, A. H. & Truter, E. V. (1954). J. chem. Soc. p. 3344. 

Shorland, F. B. (1952). J. appl. Chem. 2, 438. 

Shorland, F. B., Gerson, T. & Hansen, R. P. (1955). 
Biochem. J. 59, 350. 

Weitkamp, A. W. (1945). J. Amer. chem. Soc. 67, 447. 


The Annelid Phosphagens 


By G. E. HOBSON anp K. R. REES 
Station Biologique, Roscoff, France, and Department of Biochemistry, University College, London 


(Received 8 March 1955) 


After the work of Eggleton & Eggleton (1929) and 
of Meyerhof (1928) it was generally assumed that 
the creatine phosphate characteristic of vertebrate 
muscle is always replaced by arginine phosphate in 
the muscle of invertebrates. A broad comparative 
study of invertebrate animals by Needham, 
Needham, Baldwin & Yudkin (1932) did not reveal 
the occurrence of any phosphagen other than 
arginine phosphate, with certain notable excep- 
tions among the echinoderms. Greenwald (1946), 
however, had shown that the reproductive organs 
of certain marine annelids contain a material that is 
strongly chromogenic in the Jaffe reaction and 
thus might be creatine. Baldwin & Yudkin (1950) 
described the presence of an arginine-like phos- 
phagen in annelid and gephyrean worms and showed 
that a second phosphagen, possibly creatine phos- 
phate, is present in certain annelids. The work 
reported here, carried out on annelids at Roscoff in 
1951, demonstrates that the creatine-like substance 
described by Baldwin & Yudkin (1950) in annelids 
is in fact creatine phosphate and extends the 
examination to a number of annelid species not 
previously studied. 

By the use of paper chromatography during the 
period 1951-4, Roche and his co-workers have 
shown the presence of new guanidine derivatives in 
annelids. Thoai, Roche, Robin & Thiem (1953a) 
have isolated taurocyamine and glycocyamine 
from annelids and glycocyamine from the nemer- 
tine Lineus gesserensis (Thoai, Roche, Robin 
& Thiem (1953b). They postulated that these 
bases occur as phosphates and constitute the 
arginine-like phosphagen described by Baldwin 
& Yudkin (1950). Some of this work has been 
confirmed. 


METHODS 


Preparation of tissue extracts. Freshly collected animals 
were cooled in sea water to 0° before use. The larger species 
were gutted before being extracted; the smaller were 
extracted whole. The chilled material was ground with 
sand and extracted in an ice-cold mortar with ice-cold 8% 
(w/v) trichloroacetic acid, usually in the proportion of 
5 ml./g. of tissue. The extract was centrifuged at about 
600g at 0°. The supernatant was neutralized (pink to 
phenolphthalein), and the Ca(OH),-CaCl, reagent of Fiske 
& Subbarow (1929) was added to precipitate the inorganic 
phosphate. After standing 10 min. in ice the tubes were 
centrifuged. Phosphagens were estimated in the superna- 
tant by the method described by Baldwin & Yudkin (1950). 

For chromatographic analysis, the neutralized extract 
prepared as described above was placed on Whatman no. 1 
paper. In some cases the phosphagens were first concen- 
trated by precipitation at 0° with 3 vol. of ice-cold acetone 
and purified by dissolving in the minimum quantity of 
water and reprecipitating with acetone. 

The solvent suggested by Hanes & Isherwood (1949), 
n-propanol-ammonia (sp.gr. 0-880)—water (60:30:10), was 
used and was allowed to flow down the paper. Up to 
0-05 ml. of the extract was put on the paper, the diameter 
of the spot always being kept below 0-7 cm. The chromato- 
grams were run at room temperature (22°) usually for 6 hr.; 
during this time the solvent front moved about 25 em. An 
alternative solvent system of Thoai & Robin (1954) 
[tsopentanol—pyridine—water (40:80:70)] was also used. 

Creatine phosphate. This was prepared by the method of 
Ennor & Stocken (1948). 

Taurocyamine phosphate and glycocyamine phosphate 
were prepared enzymically as described by Hobson (1955). 


RESULTS 


In 1951 species hitherto unexamined were analysed 
for the creatine-like and arginine-like phosphagens 
by a hydrolysis method identical in all essentials 
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Table 1. Distribution of arginine-like and creatine-like phosphagens in Annelida 


Results are expressed in mg. of P/100 g. of muscle. Analysis was carried out on trichloroacetic acid extracts of whole 
animal unless otherwise stated. Phosphate analysis and Walpole and Sakaguchi tests were according to the method 


described by Baldwin & Yudkin (1950). 


Inorganic ‘Creatine’ 

Animal phosphate phosphate 
Nereis diversicolor 18-8 2-1 
Nephthys hombergii 104 —_ 
Glycera gigantea (body wall) 150 14-6 
G. convoluta 20-6 4-2 
Eunice harrassi 39-6 8-0 
Leiochone clypeata 15-0 _— 
Scholoplos armiger 11-5 12-0 
Polymnia nebulosa (1) 7-9 — 
Polymnia nebulosa (2) 9-0 — 
Halosydna gelatinosa 11-1 2-6 
Eulalia viridis 40:5 0-8 
Lumbriconereis impatiens 35:3 4-4 
Travisia forbesii 15:8 4-4 
Myzxicola infundibulum 18-4 0-85 
Amphitrite edwardsi 14-1 — 
Hermione hystrix 65-0 6-3 
Ophelia bicornis 5-95 — 


Total ; 
‘Arginine’ phosphagen Walpole Sakaguchi 
phosphate phosphate test test 
7:8 9-9 Negative Positive* 
31-2 31-2 Negative Positive 
16-4 31-0 Positive Very weakly 
positive 
_ 4-2 Positive Negative 
_— 8-0 Positive Negative 
6-7 6-7 Negative Positive 
to 12-0 Positive Negative 
7-0 7-0 Negative Positive 
6-2 6-2 Negative Positive 
7-4 10-0 Very weakly Positive 
positive 
6-3 71 Positive Positive 
— 4-4 Positive Negative 
6-4 10-8 Positive Negative 
7-65 8-5 Negative Positive* 
‘9 1-9 Negative Positive 
— 6-3 Positive Negative 
1-25 1-25 Positive Orange-like* 
colour not 
definitely 
positive 


* Colour reaction does not agree with colour given by arginine in Sakaguchi reaction. 


with that used by Baldwin & Yudkin (1950). The 
results are presented in Table 1, and confirm Bald- 
win & Yudkin’s conclusion that the distribution of 
these substances is altogether erratic and not in 
any way correlated with the taxonomy, habits or 
habitat of the species concerned. 

Certain species, e.g. Glycera gigantea and Ophelia 
bicornis (Table 1), were found to contain a phos- 
phagen showing behaviour on hydrolysis similar to 
that of arginine phosphate. After hydrolysis, 
muscle extracts from these animals failed to give 
a Sakaguchi reaction or, if they did, the reaction 
was far weaker than would be expected from the 
amounts of arginine calculated from estimates of 
the labile phosphagen originally present. 

For extracts containing creatine-like phosphagen 
according to the phosphagen-hydrolysis method, 
the test for creatine described by Walpole (1911) 
was positive (Table 1). It was not possible to 
obtain a positive Walpole reaction with Nereis 
diversicolor, but the level of the creatine-like 
phosphagens present was extremely low and was 
not always detectable by the hydrolysis method. 
To obtain more information on the nature of the 
substance detected by the latter method, it was 
decided in 1954 to investigate muscle extracts by 
chromatography. 


Chromatographic investigations 


Hydrolysed extracts of Glycera convoluta and G. 
gigantea were run with creatine as a marker and the 


chromatograms were dried in the laboratory. They 
were sprayed first with a fresh solution of 5% 
(w/v) «-naphthol in 2-5n-NaOH, and then, after 
drying, with a 0:1% fresh aqueous solution of 
diacetyl. The slow appearance of a claret-red colour 
after 1-2 min. indicated the presence of creatine. 
Both G. gigantea and G. convoluta extracts were 
found to contain creatine (Table 2), as shown by 
the colour and R, value compared with a creatine 
standard. 

The chromatographic position of phosphagens 
run in non-hydrolysed extracts was determined by 
spraying the chromatograms with the reagent 
described by Hanes & Isherwood (1949) (5 ml. of 
60%, w/v, perchloric acid, 25 ml. of 4%, w/v, 
ammonium molybdate solution, 10ml. of N 
hydrochloric acid and water to 100 ml.). This was 
followed by heating the chromatograms at 85° for 
10 min. After 1 min., but before the appearance of 
blue coloration, the creatine phosphate could be 
seen as a yellow spot owing to the formation of a 
phosphomolybdic acid; this aided the later inter- 
pretation of the chromatograms. After heating, the 
papers were left in an atmosphere of hydrogen 
sulphide for about 30 min. and finally exposed in 
the laboratory. Extracts of G. gigantea gave a spot 
with the same R, value as the synthetic creatine 
phosphate. 

Detection of the arginine-like bases. The chromato- 
grams were dipped in’ a solution of 8-hydroxy- 
quinoline (oxine) in acetone, 0-1%, then dried in 
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Table 2. Chromatography of guanidine bases and phosphagens 


Method of detection of substances described in the text. 


Method of 
detection 


Walpole reagent 

Sakaguchi reagent 
Sakaguchi reagent 
Sakaguchi reagent 


Phosphate test 
Phosphate test 
Phosphate test 
Phosphate test 


Nature of tissue extract or 
marker substance 


Creatine 

Arginine 

Taurocyamine 

Glycocyamine 

Creatine phosphate (synthetic) 
Arginine phosphate 
Taurocyamine phosphate 
Glycocyamine phosphate 

Maia squinado (muscle extract) 


Hydrolysed 
Non-hydrolysed 


Sakaguchi reagent 
Phosphate test 
Glycera gigantea (body wall) 


Hydrolysed extract 
Non-hydrolysed extract 


Walpole reagent 
Phosphate test 
Glycera convoluta 


Hydrolysed extract 
Non-hydrolysed extract 


Walpole reagent 
Phosphate test 
Arenicola marina 


Hydrolysed extract 
Non-hydrolysed extract 


Sakaguchi reagent 
Phosphate test 
Nereis diversicolor 


Hydrolysed extract 
Non-hydrolysed extract 


Sakaguchi reagent 
Phosphate test 


air, and lightly sprayed with a freshly prepared 
solution of alkaline bromine (0-2 ml. of bromine in 
100 ml. of 0-5N sodium hydroxide solution). 
Arginine gives a brilliant orange-red area which is 
stabilized by spraying with an excess of 40% (w/v) 
aqueous urea solution to counteract the excess of 
hypobromite. As has been described by Roche, 
Felix, Robin & Thoai (1951), the substituted- 
guanidine bases taurocyamine and glycocyamine 
gave only a transient colour. Such areas were 
observed in hydrolysed extracts of Nereis diversi- 
color and Arenicola marina. 

Two methods were employed to identify the 
phosphagens of N. diversicolor and A. marina: 
a series of chromatograms were run of extracts of 
these animals (pH 7-0—7-4) and tested for phos- 
phates. Duplicate chromatograms were sprayed 
with 0-1N hydrochloric acid, dried at 85° and 
treated with Sakaguchi reagents. These chromato- 
grams showed the development of a transient spot 
in an area occupied by a phosphate ester on the 
chromatograms developed for phosphates. Similar 
runs were made with extracts of the muscle of 
Maia squinado, where arginine and arginine phos- 
phate were detected. With the enzymic prepara- 


1 tion of glycocyamine phosphate and taurocyamine 





Ry, value in 


n-Propanol— isoPentanol— 

NH,-H,0 __ pyridine-H,O Comment 
0-49 0-28 — 
0-40 0-20 -- 
0-54 0-46 _- 
0-42 0-33 — 
0-29 — _ 
0-37 — _ 
0-24 0-18 —_— 
0-21 0-08 — 
0-39 — Arginine 
0-37 _ Arginine phosphate 
0-52 _ Creatine 
0-30 _ Creatine phosphate 
0-50 —_ Creatine 
0-31 — Creatine phosphate 
0-54 0-45 Taurocyamine 
0-25 0-19 Taurocyamine phosphate 
0-43 0-33 Glycocyamine 
0-22 0-08 Glycocyamine phosphate 


phosphate it was also possible to identify the 
phosphagens of N. diversicolor and A. marina by 
comparative R, values (Table 2). 


DISCUSSION 


From an examination of the distribution of the 
phosphagens in the annelid there is no correlation 
with taxonomy and habitat. This is strongly 
brought out by the discovery that in the single 
genus Glycera one species, G. gigantea, contained 
both phosphagens, whereas G. convoluta, like G. 
dibranchiata, examined by Baldwin & Yudkin 
(1950), contained only creatine phosphate. Roche 
et al. (1951) considered that a correlation of the 
distribution of the phosphagens with habitat 
existed in the annelid. However, more recent 
studies have shown that this is not the case (Roche, 
private communication). 

Chromatographic studies reported in this paper 
show the arginine-like phosphate detected by 
Baldwin & Yudkin (1950) and described in this 
paper to be the phosphates of taurocyamine and 
glycocyamine. Hobson (1955) has now demon- 
strated that the annelids contain phosphokinases, 
which will phosphorylate taurocyamine and 


glycocyamine at the expense of ATP. 
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The presence of creatine phosphate in the annelid 
can hardly suggest any close relationship between 
this phylum and the Chordata, as formerly postu- 
lated by Dohrn (1875) and Semper (1875, 1876). 
Developmental, embryological and anatomical 
evidence is against such a relationship and the 
occurrence of creatine is presumably due to con- 
vergent chemical evolution. 


SUMMARY 


1. Analysis of the phosphagen content of a 
number of species of annelids is reported. 

2. Creatine and creatine phosphate have been 
shown to be present in muscles of certain annelids. 

3. A preliminary investigation by chromato- 
graphy of the monosubstituted guanidine phos- 
phates is described. 

Our thanks are due to the Central Research Fund of the 
University of London and to the Field Fund of University 
College, London, for grants which have permitted this work 
to be carried out at Roscoff. We also wish to express our 
thanks to the staff of the Station Biologique, Roscoff, for 
help and living material; also to Professor E. Baldwin for 
invaluable advice and encouragement and to Dr D. Walker 
for assistance in part of this work in 1951. 
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The Incorporation of Labelled Phosphate into the 
Phosphoglycerides of Intact Rat Liver 


By R. M. C. DAWSON 
Department of Biochemistry, University of Oxford, and Biochemistry Department, 
Institute of Animal Physiology, Babraham, Cambridge 


(Received 22 April 1955) 


Speculation has often occurred as to whether any 
of the individual phosphoglycerides present in 
animal tissues are formed from other phospholipids 
in the same tissue. Popjék & Muir (1950), for 
example, found some evidence for the intercon- 
version of phosphoglycerides in rabbit liver after 
the injection of **P-labelled phospholipid emulsions. 
Another method of investigating this problem is to 
compare the specific radioactivities of the individual 
liver phosphoglycerides after labelled-phosphate 
administration. Previous attempts to measure the 
specific radioactivities of the various liver phos- 
pholipids have relied upon solvent fractionation 
methods (e.g. Hahn & Tyrén, 1946) or adsorption 
of the non-choline-containing phospholipids on 
magnesium oxide (e.g. Zilversmit, Entenman & 
Chaikoff, 1948), both of which yield fractions which 
are extremely heterogeneous in their base distribu- 


tion. It is not possible therefore to reach any 
reliable conclusions about phospholipid intercon- 
version from the results of such experiments. 

The development of a new method of determin- 
ing the specific radioactivities of the phospholipids 
contained in a **P-labelled tissue sample (Dawson, 
1954) has presented an opportunity for gaining 
information about any such phospholipid intercon- 
version. By extending observations obtained in 
other investigations (Dawson, 1955) it has been 
possible to compare the specific radioactivities of 
the individual liver phosphoglycerides of the rat at 
various times after the injection of labeiled phos- 
phate. The results, while showing (in contrast to 
those of many other workers) that marked differ- 
ences can occur in the specific radioactivities of 
liver phosphoglycerides, give no evidence of any 
type of phospholipid interconversion. 
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EXPERIMENTAL 


The experimental methods and animals used in the present 
investigation have been fully described in a previous 
publication (Dawson, 1955). Results were accumulated 
over a period of about 14 months. The specific radio- 
activities of the extracted liver phospholipids were deter- 
mined by the method of Dawson (1954) in which the 
phospholipids are mildly hydrolysed in methanolic NaOH 
(15 min. at 37°) and the hydrolysis products resolved by 
two-dimensional paper chromatography. On such chro- 
matograms of the rat-liver lipid hydrolysates there was 
observed a phosphorus-containing spot (I) which occurred 
in a similar position to that occupied by the decomposition 
product of diphosphoinositide on similarly prepared 
chromatograms from brain-phospholipid samples (Dawson, 
1954). Macpherson & Lucas (1947) have described an ino- 
sitol-containing lipid in the alcohol-insoluble phospholipids 
of rat liver, and both McKibbin (1954) and Hawthorne 
(1955) found evidence for the presence of an inositol-contain- 
ing lipid, which is probably a monophosphoinositide, in 
horse and rabbit liver respectively. 

Consequently a small sample of (I) was isolated from the 
alkaline hydrolysate of a rat-liver lipid extract in order to 
see whether it was derived from this lipid. The hydrolysate 
was applied as a starting strip on a paper chromatogram 
which was developed with phenol-NH,. The substance 
staying on the starting line was eluted and rechromato- 
graphed in a fert.-butanol—water-trichloroacetic acid 
(68 ml.: 32 ml.: 10g.) solvent. The trailing phosphorus- 
containing compound was located by spraying marker 
strips to detect phosphorus and then eluted with water. 


RESULTS 


Confirmation of the presence of an inositol- 
containing phospholipid in rat liver 


The unknown substance (1) isolated from an 
alkaline hydrolysate of rat-liver phospholipids (see 
Experimental section) was found to be chromato- 
graphically homogeneous in a number of solvents 
which have proved useful for the separation of 
phosphate esters (ethanol-NH,, pyridine—NHg;, 
tert.-butanol-picric acid (Hanes & Isherwood, 
1949). On hydrolysing for 12 min. in N-HCl at 100° 
the substance was completely decomposed, and 
examination of the hydrolysate by the method of 
Meredith & Sammons (1952) showed the presence 
of free inositol and glycerol. The phosphorus- 
containing acid-hydrolysis products could be 
separated into three components by paper chro- 
matography in ethanol-ammonia (sp.gr. 0-880)— 
water (6:3:1, v/v). The fastest running spot was 
chromatographically identified as «-glycerophos- 
phate. The other spots were not identified, but 
when each of them was isolated by elution and 
subjected to prolonged hydrolysis in 5N-HCl 
(24 hr. at 100°) it was possible to detect in both 
hydrolysates free inositol, glycerophosphoric acid 
and inorganic phosphate. It can be concluded, 


therefore, that the compound (I) isolated from the 
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Fig. 1. Curves showing the specific radioactivities of rat- 
liver phosphoglycerides at various times after labelled- 
phosphate injection (2 x 10® counts/min./100 g. body wt.). 
A, Phosphatidylcholine; B, phosphatidylethanolamine; 
C, inositol-containing phosphoglyceride; D, phosphatidyl- 
serine. 
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alkaline hydrolysate of rat-liver lipids contains 
inositol, glycerol and phosphate residues and has 
arisen by the removal of fatty acid(s) from an 
inositol-containing phosphoglyceride present in 
rat liver. 





Specific radioactivities of rat-liver 
phosphoglycerides 


The specific radioactivities of the individual 
rat-liver phosphoglycerides at various times up to 
21 hr. after the injection of labelled phosphate are 
presented in Fig. 1. The curves A, B, C and D were 
drawn by calculating the mean specific radio- 
activities of successive groups of observations 
(observations occurring in every 200 min. interval) 
and inserting these values on the graph at the 
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Fig. 2. The specific radioactivity/time curves of Fig. 1 
superimposed and the points omitted for clarity. A, 
Phosphatidylcholine; B, phosphatidylethanolamine; C, 
inositol-containing phosphoglyceride; D, phosphatidy]l- 
serine. 


appropriate mean time for the group. The curve 
was then drawn to pass through these mean points. 
Considering the many variable biological factors 
which can affect the determination and the extended 
experimental period (14 months), the results show 
satisfactory consistency. The determination of the 
specific radioactivity of phosphatidylserine was 
made especially difficult because of the low concen- 
tration of this lipid in liver tissue (Swanson & 
Artom, 1950). After all exchange times up to 21 hr. 
the specific radioactivity of the phosphatidy]l- 


ethanolamine was found to be higher than that of 
the other phosphoglycerides, whereas that of 
phosphatidylserine was always lower than the 
others. In no instance do any two curves (Fig. 2) 
obey the theoretical precursor—product criteria as 
deduced by Zilversmit, Entenman & Fishler (1943). 
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DISCUSSION 


Although the isotopic results obtained in this 
investigation have been examined for precursor- 
product relationships by the criteria theoretically 
deduced by Zilversmit et al. (1943), it is well to 
stress that the assumptions used by these authors 
in their derivation may not apply in practice in 
biological systems. The results do not, for example, 
exclude the possibility that phospholipid intercon- 
version may represent a minor pathway for the 
formation of certain phosphoglycerides. 

The observations of Stetten (1941, 1942) showed 
that, in the intact rat, labelled serine could be de- 
carboxylated to form ethanolamine, and that this 
base could then be methylated to form choline. 
The present results indicate that a similar process 
cannot occur to any appreciable extent while these 
bases are combined in phospholipid molecules. The 
specific radioactivity of phosphatidylserine remains 
much lower than that of phosphatidylethanol- 
amine, thus excluding the possibility of appreciable 
decarboxylation of the former occurring in vivo. 
This agrees with the results of Sloane-Stanley 
(1953), who was unable to detect any appreciable 
CO, evolution from phosphatidylserine when it was 
incubated anaerobically with guinea-pig-brain 
homogenates. The specific radioactivity of liver 
phosphatidylethanolamine does not fall below that 
of phosphatidylcholine even after the latter has 
reached its maximum specific radioactivity, and it 
thus does not satisfy the criteria for the precursor of 
phosphatidylcholine. The recent in vitro experi- 
ments of Kennedy (1954) have indicated that liver 
mitochondria are able to incorporate choline 
directly into their phospholipid fraction. 

The immediate phosphorus-containing precursors 
of liver phosphoglycerides are at present unknown, 
so that attempts to calculate their turnover rates 
are misleading. If phosphoglycerides are syn- 
thesized from a common precursor, e.g. phos- 
phatidic acid, the present results combined with 
the levels of phospholipid bases in rat liver given 
by Swanson & Artom (1950) would indicate that the 
amount of lecithin synthesized per gram of liver 
tissue is approximately equal to that of phos- 
phatidylethanolamine, and that there is a very much 
slower synthesis of phosphatidylserine (< 10%). 


SUMMARY 


1. The specific radioactivities of the liver 
phosphoglycerides have been measured at various 
times after the injection of labelled phosphate into 
the rat. 

2. The specific radioactivity/time curves give no 
evidence of any interconversion of the phospho- 
glycerides. 
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3. The presence of an inositol-containing phospho- 
glyceride in rat liver has been confirmed. 


The author is indebted to Dr R. B. Fisher for his advice 
on the drawing of the specific radioactivity/time curves, 
and to Dr J. N. Hawthorne for a sample of ethanol- 
insoluble ox-liver phospholipid. 
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The Effect of Nucleotides on the Formation of Phosphopyruvate 


By W. BARTLEY 
Medical Research Council Unit for Research in Cell Metabolism, Department of Biochemistry, 
University of Oxford 


(Received 10 May 1955) 


Utter & Kurahashi (1954a, b) have isolated from 
chicken liver an enzyme that catalyses the re- 
actions 
ATP ADP 

or +oxaloacetate = phosphopyruvate+ or +CO, (1), 
ITP IDP 
where ATP, ITP, ADP and IDP represent adeno- 
sine triphosphate, inosine triphosphate, adenosine 
diphosphate and inosine diphosphate respectively. 
ITP was found to accelerate the decarboxylation 
more effectively than ATP. In studies on sheep- 
kidney cyclophorase Bartley (1954) showed that 
the phosphate of phosphopyruvate was derived 
from ATP. In this paper a comparison has been 
made between ATP, ITP and inorganic phosphate 
as a source of the phosphate in phosphopyruvate. 
It was found that when oxaloacetate or malate is 
oxidized phosphopyruvate can be formed without 
participation of either nucleotide. 


EXPERIMENTAL 


Tissue preparations. Twice-washed particles (cyclo- 
phorase) of pigeon-liver homogenates, prepared according 
to Bartley & Davies (1954), were used in most experiments. 
The homogenates were made in a stainless-steel homo- 
genizer of the Potter-Elvehjem type. In a few experiments 
washed mitochondria were used. 

Media. In most experiments 2 ml. of the suspension 
(about 70 mg. dry wt.) were added to 2-5 ml. of a solution 
containing K phosphate buffer, pH 7-4 (0-008m), MgCl, 
(0-0016m), aminotrishydroxymethylmethane (tris) buffer 
pH 7-4 (0-04M), substrate (0-02m) and the nucleotide under 
test; the amounts of the nucleotide are given in the 
description of the individual experiments. 


Special chemicals. ITP was prepared by deamination of 
ATP by the method of Kleinzeller (1942); inosine mono- 
phosphate (IMP), adenosine monophosphate (AMP) and 
coenzyme 1 (DPN) were commercial products. The other 
chemicals were those used by Bartley & Avi-Dor (1955). 

Analytical methods. The procedures described by Bartley 
& Avi-Dor (1955) were used. 


RESULTS 


Effect of ATP or ITP on malate or 
oxaloacetate metabolism 


Table 1 gives the results of preliminary experi- 
ments, with malate or oxaloacetate as substrate, in 
which phosphopyruvate formation by pigeon-liver 
cyclophorase was measured in the presence or 
absence of ATP or ITP. ATP increased oxygen- 
uptake, malate consumption and also, in most 
experiments, phosphopyruvate formation. The 
increase in phosphopyruvate production was 
smaller when the amount of ATP added was large 
(Expts. 1 and 2). The stimulation by ATP of 
oxygen and malate consumption was less when the 
tissue concentration was high (Expts. 2 and 4). 
ITP stimulated respiration in the presence of 
malate (Expt. 4), but did not influence malate 
utilization or phosphopyruvate formation. When 
oxaloacetate was substrate, ATP but not ITP 
stimulated respiration (Expt. 5), but neither 
nucleotide in the concentration used affected 
phosphopyruvate formation. At higher concen- 
trations of nucleotide (Expt. 6) the yield of phos- 
phopyruvate was greater in the presence of ITP 
than of ATP. The addition of ATP and ITP 
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together reduced the amount of phosphopyruvate 
formed (Expt. 6). 

Oxidation and phosphorylation occurred at a 
relatively high rate in the cyclophorase prepara- 
tions without the addition of ATP (Expts. 1 and 5). 
This was taken to indicate a saturation of the 
particles by the endogenous ATP. If this is 
correct, washing of the preparation should simul- 
taneously lower the amount of endogenous 
nucleotides and reduce ability to form phospho- 





W. BARTLEY 


pyruvate. 


However, washing did not lower the 





oxygen uptake or malate consumption or affect 
phosphopyruvate formation from malate or oxalo- 
acetate (Table 2), although it greatly decreased the 
amounts of ATP and ITP in the suspension. The 
small amounts of nucleotides remaining in the 
particles at the end of the incubation were esti- 
mated in the following way. Labelled ortho- 
phosphate was added at the start of incubation and 
the specific activities of the orthophosphate and 
phosphopyruvate in a sample of the tissue sus- 
pension were measured at the end of the incubation 


Table 1. Effect of ATP or ITP on pigeon-liver cyclophorase oxidizing malate or oxaloacetate 


Pigeon-liver cyclophorase incubated in Warburg vessels at 20° in O, for 20 min. Each vessel contained 2 ml. of the 
tissue suspension in 0-9% (w/v) KCl solution and 2-5 ml. of a solution containing K phosphate buffer pH 7-4 (0-008m), 
MgCl, (0-0016™), tris buffer pH 7-4 (0-04) and substrate (0-02m). The amounts of nucleotide and the dry wt. of the tissue 


added are given below. 


Phospho- 
Dry wt. of Nature and amount pyruvate Malate 
Expt. tissue (umoles) of O, uptake formed used 
no. (mg.) Substrate added nucleotide added (umoles) (umoles) (umoles) 
1 72 Malate None 4-7 5-6 7-4 
ATP (4) 73 8-1 13-2 
2 108 Malate None 9-5 10-6 9-7 
ATP (10) 10-8 11-6 12-1 
3 51 Malate None —_ 5:3 — 
ATP (6) -- 5-5 oa 
+ 57 Malate None 3-0 6-3 6-5 
ITP (4) 5-0 5-6 5-9 
ATP (10) 6-2 6:8 9:8 
5 50 Oxaloacetate None 2:3 35 — 
ATP (6) 6-1 3-6 = 
ITP (6) 2-1 3-6 on 
6 70 Malate ATP (10) _ 6-3 7-2 
ITP (10) -- 9-1 9-5 
ATP (10) 
+ — 7-6 8-6 
ITP (10) 
Oxaloacetate ATP (10) 2-6 4-2 — 
ITP (10) 2-7 78 sel 
ATP (10) 
+ — 6-1 — 
ITP (10) 


Table 2. Effect of washing with KCl solution on the production of phosphopyruvate 
by pigeon-liver cyclophorase 


100 mg. (dry wt.) of pigeon-liver cyclophorase incubated in Warburg vessels at 20° for 20 min. Conditions as in Table 1 
except that no nucleotide was added. Washing consisted in resuspending the cyclophorase particles in 0-9% (w/v) KCl 
solution with the aid of a mechanical stirrer and then recentrifuging, the particles being finally suspended in KCl solution 


for addition to the vessel. 


ATP present 


Phospho- in vessel 
No. of pyruvate A after 20 min. 
Expt. washings formed malate O, uptake incubation 

no. with KCl Substrate (umoles) (umoles) (umoles) (umole) 
1 2 Malate 7:8 - 10:3 6-6 0-27 
2 4 Malate 10-7 -17-9 7-4 0-05 
3 5 Malate 12-4 -14-7 8-6 0-03 
+ 5 Oxaloacetate 11-2 + 91 “4-0 0-01 
5 5 Oxaloacetate bel + 9-7 4-2 0-01 
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after separation of the phosphate esters by paper 
chromatography. Carrier ATP was added to a 
further sample of the deproteinized incubation 
mixture. The phosphate esters were separated on 
the paper chromatogram and the radioactivity 
found in the ATP area was measured. The amount 
of ATP present was then calculated on the assump- 
tion that the 8 and y phosphorus atoms of the 
endogenous ATP were in equilibrium with the 
orthophosphate at the end of the incubation. The 
amount of ATP found was of the same order as 
that found by Bartley & Davies (1954) by direct 
analysis of the phosphate compounds in unincu- 
bated washed sheep-kidney mitochondria, namely 
0-01—0-03 pmole/100 mg. of tissue preparation. The 
amount of ITP was calculated on the assumption 
that only the y phosphorus atom of ITP exchanges 
with orthophosphate. After five washings the 
amounts of ITP were of the same order as those of 
ATP. Although the addition of nucleotide is not 
necessary for phosphopyruvate formation from 
malate or oxaloacetate, the addition of 2:4- 
dinitrophenol or sodium azide (0-001 mM) completely 
inhibits phosphopyruvate formation. However, 
phosphopyruvate can be formed in the presence of 
2:4-dinitrophenol only when «-oxoglutarate is the 
substrate (Mudge, Neuberg & Stanbury, 1954). 
Oxidative phosphorylation is therefore normally 
involved in phosphopyruvate production, but when 
this mechanism is inhibited phosphopyruvate can 
be formed by the following series of reactions, in- 
volving phosphorylation at the substrate level: 


«-Oxoglutarate + DPN* + CoA-SH 
— succinyl ~ S-CoA + DPNH + H* +CoO, 


Succinyl ~ 8-CoA+ ADP + P; 
— succinate + CoA-SH + ATP 
ATP + oxaloacetate 
> phosphopyruvate + CO,+ ADP. 


Table 3. Effect of ATP concentration on the 
formation of phosphopyruvate from malate 


Pigeon-liver cyclophorase washed 5 times with 0-9% 
(w/v) KCl solution (84 mg. dry wt.) incubated in Warburg 
vessels at 20° in O, for 20 min. Each vessel contained 2 ml. 
of the tissue suspension in 0-9% (w/v) KCl and 2-5 ml. of 
a solution containing K phosphate buffer pH 7-4 (0-008m), 
MgCl, (0-0016M), tris buffer pH 7-4 (0-04m), malate (0-02) 
and ATP as given below. The centre well contained 0-2 ml. 
of 2n-NaOH and filter paper. 


Amount of ATP 


added at the start Malate Phosphopyruvate 

of incubation consumed formed 
(umoles) (pmoles) (umoles) 

0 8-0 5-9 

2 9-3 7-2 

4 9-5 8-8 

8 10-5 6-9 

12 12-6 5-5 

20 14-3 5-6 
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Effect of concentration of added ATP 
or ITP on phosphopyruvate formation 


Malate (Tables 3 and 4) or oxaloacetate (Tables 5 
and 6) were incubated for 20 min. with pigeon- 
liver cyclophorase and different amounts of ATP or 
ITP. Table 3 shows that the consumption of malate 
rose with the amounts of ATP added, but the 
phosphopyruvate formation did not parallel the 


Table 4. Effect of ITP concentration on the 
formation of phosphopyruvate from malate 
Pigeon-liver cyclophorase washed 5 times with 0-9% 
(w/v) KCl solution (69 mg. dry wt.) incubated in Warburg 
vessels at 20° in O, for 20 min. Conditions as in Table 3 
except that the nucleotide added was ITP. 


Amount of ITP 


added at the start Malate Phosphopyruvate 

of incubation consumed formed 
(umoles) (umoles) (umoles) 

0 12-4 7-4 

2 12°5 7:3 

+ 11-6 7-6 

8 11-5 7-0 

12 12-2 5-7 

20 8-8 5:3 


Table 5. Effect of ATP concentration on the 
formation of phosphopyruvate from oxaloacetate 


Pigeon-liver cyclophorase washed 5 times with 0-9% 
(w/v) KCl solution (92 mg. dry wt.) incubated in Warburg 
vessels at 20° in O, for 20 min. Oxaloacetate added 0-02M; 
other conditions as in Table 3. 


Amount of ATP 


added at the start Phosphopyruvate 


of incubation formed 
(umoles) (umoles) 
0 10-3 
2 8-0 
4 7é 
8 6-2 
12 5:5 
20 4-1 


Table 6. Effect of ITP concentration on the 
formation of phosphopyruvate from oxaloacetate 
Pigeon-liver cyclophorase washed 5 times with 0-9% 

(w/v) KCl solution (69 mg. dry wt.) incubated in Warburg 
vessels at 20° in O, for 20 min. Oxaloacetate added 0-02m; 
other conditions as in Table 4. 


Amount of ITP 


added at the start Phosphopyruvate 

of incubation formed 
(umoles) (umoles) 

0 9-6 

2 9-9 

t 8-9 

8 8-4 

12 7-2 

20 4-6 
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malate consumption; it reached a maximum when Bartley, 1953; Whittam, Bartley & Weber, 1955). 
4 umoles of ATP were added initially and declined When the incubation medium contains labelled 
with greater amounts of ATP. In a similar experi- phosphate there is a rapid equilibration of the label 
ment with ITP (Table 4) there was no consistent with the 8 and y phosphorus atoms of ATP, indi- 
trend in malate consumption. Phosphopyruvate cating a continual phosphorylation of ADP. In 
formation was not stimulated by small amounts of contrast with the other substrates malate does not 
ITP and larger amounts were markedly inhibitory. maintain ATP in pigeon- or rat-liver preparations 
When oxaloacetate was the substrate (Table 5) (Table 7). As malate is readily oxidized, the dis- 





Table 7. Comparison of ATP maintenance by different tissue preparations oxidizing malate or succinate 





The tissue preparations were incubated in Warburg vessels at 20° in O, for 10 min. The substrate concentration was 
0-02m. In Expt. 3 the data are from Whittam, Bartley & Weber (1955) and in Expt. 4 from Krebs et al. (1953). 


ATP present ATP present after 


Expt. initially incubation 
no. Preparation Substrate (umoles in 4 ml.) (moles in 4 ml.) 

1 Pigeon-liver cyclophorase Succinate 6-0 1- 

2 Rat-liver cyclophorase Succinate 6-0 6-1 

3 Rat-liver mitochondria Succinate 6-0 6-1 

4 Rat-liver homogenate Succinate 6-0 5-9 

5 Pigeon-liver cyclophorase Malate 6-0 0-15 

6 Pigeon-liver mitochondria Malate 6-2 0-2 

7 Rat-liver cyclophorase Malate 6-0 1-0 

8 Rat-liver homogenate Malate 6-0 3-0 


there was a progressive decline in phosphopyruvate appearance of ATP suggests that another reaction 
formation, with increasing ATP concentration. affecting the accumulation of ATP takes place 
ITP did not affect phosphopyruvate formation at when malate is the substrate. This is the formation 
quantities of 8 uzmoles or less of ITP (Table 6). At of phosphopyruvate (Bartley, 1954). Phospho- 
higher concentrations inhibition occurred. pyruvate can be formed from ATP or ITP and 
The solutions of the sodium salts of ATP and oxaloacetate (Utter & Kurahashi, 1954a, b), but in 
ITP used in these experiments were prepared from the experiments described here it must be formed 
the barium salts by precipitation of the barium by another route, not involving ATP or ITP, as the 
with excess of sodium sulphate solution. To test following results show. 
whether the inhibition of phosphopyruvate forma- Experiments with®?PO,. It was previously shown 
tion by large amounts of nucleotides was due to (Bartley, 1954) that the specific activity of phos- 
concomitant addition of sulphate the tissue pre- phopyruvate formed by sheep-kidney cyclophorase 
parations were incubated with and without sul- during the oxidation of a-oxoglutarate in the 
phate (0-005), with either malate or oxaloacetate presence of added ATP and *2PO, was initially less 
as substrate. The phosphopyruvate formation was than that of ATP. The same observation was made 
the same in the presence as in the absence of this when pigeon-liver mitochondria were incubated 
amount of sulphate. These results with ATP con- with succinate or «-oxoglutarate. The findings con- 
firm the observation of Bartley & Avi-Dor (1955) firm that ATP can act as a phosphate donor in the 
that in the presence of 4-10 pmoles of ATP malate formation of phosphopyruvate. Since Utter & 
was a more effective precursor of phosphopyruvate Kurahashi (1954a,b) found that ITP was more 
than oxaloacetate. Utter & Kurahashi (1954a,b) active than ATP in the formation of phospho- 
showed that ITP was more effective than ATP in pyruvate from oxaloacetate, experiments were 
reaction (1) when it was catalysed by their purified carried out in which ATP and ITP were both 
enzyme preparation but, as shown in Tables 4 and __ present in the incubation mixture. In one experi- 
6, added ITP did not stimulate phosphopyruvate ment malate was the substrate and in the other 
formation from malate or oxaloacetate in pigeon- oxaloacetate, and in both cases the orthophosphate 
liver cyclophorase. was labelled with *2P. Incubation varied from 1 to 
Maintenance of ATP during the oxidation of 15min., and after the reaction was stopped the 
malate. Many tissues (rat liver, sheep kidney, phosphate esters were separated on the paper 
sheep heart, pigeon breast muscle) can maintain an chromatogram and the amounts and radioactivity 
ATP concentration of 0-0025mM during the oxidation of the phosphate compounds were determined. In 
of citrate, x-oxoglutarate, succinate, pyruvate and the presence of malate (Table 8) the rate of forma- 
B-hydroxybutyrate (see Krebs, Ruffo, Johnson, tion of phosphopyruvate was very high and the 
Eggleston & Hems, 1953; Bartley, 1953; Hems & specific activity of phosphopyruvate was below 


| 





1 


t+etrm Bet aoe ® ®& 








Vol. 61 
that of orthophosphate during the short incubation 


times. Moreover, the specific activities of the 
y phosphorus atoms of ATP or ITP were consider- 
ably below the specific activity of phosphopyru- 
vate. The specific activities of the y phosphorus 
atoms have been calculated by assigning the whole 
of the observed counts to the terminal phosphorus 
atom. Thus the true specific activities of the y 
phosphorus atoms must be below the values given, 
if any activity is present in the 8 phosphorus 


NUCLEOTIDES AND PHOSPHOPYRUVATE FORMATION 


559 


phosphopyruvate into pyruvate. The specific radio- 
activity of an immediate precursor must be initially 
greater and later less than that of the end product. 
The plot of the specific activity of the precursor 
will cross the plot of the specific activity of the 
product at its maximum (see Zilversmit, Entenman 
& Fishler, 1943; Reiner, 1953). If the precursor is 
not immediate the plot of the specific activity will 
cross that of the product before its maximum. It 
follows that since the specific activity of phospho- 





Table 8. Changes in amounts and specific activities of ATP, ITP, phosphopyruvate and orthophosphate 
on incubation with pigeon-liver cyclophorase and malate 


Each Warburg vessel originally contained pigeon-liver cyclophorase (67 mg. dry wt.) suspended in 4-5 ml. total volume 
made up as follows: 2-0 ml. of 0-9% (w/v) KCl, 1-0 ml. of 0-1 tris buffer pH 7-4, 0-2 ml. of 0-05m-MgCl,, 0-1 ml. of 0-5m 
malate and the phosphate compounds given at time 0 below. The nucleotides, together with tracer amounts of *PO,, 
were placed in the side arm of the vessel. The gas phase was oxygen, the bath temperature 20° and the centre wells con- 
tained NaOH and filter paper. The vessel contents were mixed as the manometers were put in the bath and the reaction 
was stopped at the times given below by removal to an ice bath and addition of 0-5 ml. of 30% (w/v) TCA. 











ITP phosphorus ATP phosphorus Phosphopyruvate Orthophosphate 
—A ‘ ——_-A ” c on ‘ ai a Y 
Specific Specific Specific Specific 
Incubation activity activity activity activity 
time Amount (counts/ Amount (counts/ Amount (counts/ Amount (counts/ 
(min.) (umoles) min./yg. P) (moles) min./yg. P) (moles) min./yg.P) (moles) min./yg. P) 
0 17-1 0 15-5 0 0 0 15-4 3100 
1 10-0 110 7:8 610 1-1 1260 19-1 2340 
2 9-6 170 6-7 950 1-6 1440 19-2 2000 
3 5-4 310 3-8 1040 2-2 1560 23-9 1760 
5 1-9 500 2-5 1140 2-5 1760 26-0 1600 
8 15 780 2-6 1260 2-8 1720 25-7 1580 
15 0-8 1040 1-1 1660 3-6 1660 27-4 1440 


Table 9. Changes in amounts and specific activities of ATP, ITP, phosphopyruvate and orthophosphate 
on incubation with pigeon-liver cyclophorase and oxaloacetate 


Conditions as in Table 8, except that the substrate was oxaloacetate and 81 mg. (dry wt.) of cyclophorase were added. 





ITP phosphorus ATP phosphorus Phosphopyruvate Orthophosphate 
ay Gas n 
Specific Specific Specific Specific 
Incubation activity activity activity activity 
time Amount (counts/ Amount (counts/ Amount (counts/ Amount (counts/ 
(min.) (wmoles) min./yg.P) (pmoles) min./ug. P) (umoles) min./ug. P) (ymoles) min./yg. P) 
0 17-2 0 15-5 0 0 0 14-9 4680 
8-3 260 6-9 1000 0-68 2880 21-0 3130 
2 4:8 560 4-7 1400 1-2 3280 24-5 2630 
3 3-3 20 3-1 1560 1-5 2930 25-7 2470 
5 2-0 980 1-8 1880 2-1 2720 27-4 2280 
8 0-94 1240 1-2 1920 2-7 2640 28-5 2130 
15 0-96 1600 0-7 3000 4-3 2580 27-6 2020 


atoms, as is probable at least for ATP. The specific 
activities of ADP, IDP, AMP and IMP were at all 
times lower than that of ATP or ITP. The amounts 
of ATP and ITP present rapidly declined, especially 
during the first minute. The fact that phospho- 
pyruvate accumulates in the presence of the large 
amounts of ADP or IDP shows that the phospho- 
pyruvic kinase cannot be appreciably active in 
these preparations, since in these circumstances 
the equilibrium would favour the conversion of 





pyruvate is much greater than that of either 
ATP or ITP there must be a route of phospho- 
pyruvate formation where ATP and ITP are not 
the immediate suppliers of phosphate for phospho- 
pyruvate. The fact that the specific activity of 
phosphopyruvate is lower (in the early stages) than 
that of orthophosphate indicates that ortho- 
phosphate is not the immediate donor of phosphate. 

When oxaloacetate was the substrate (Table 9) 
the specific activity of the phosphopyruvate rose 
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much faster than with malate. Within 1 min. the 
specific activity was very close to that of ortho- 
phosphate and by the second minute had surpassed 
it. In this case very little phosphate can have come 
from ATP or ITP. The more rapid rise in specific 
activity of phosphopyruvate is expected if oxalo- 
acetate is the immediate precursor of the carbon 
skeleton of phosphopyruvate. The findings can be 
accounted for by the assumption that the primary 
phosphate acceptor is a nucleotide other than ADP 
or IDP, say guanosine diphosphate (GDP), which 
can donate phosphate to ADP, IDP or oxalo- 
acetate. 
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0-1 yg. of IMP phosphorus. In other experiments 
where ATP but no inosine was udded to the incu- 
bation mixture up to 0-5 wg. of labelled phosphorus 
was found in the IMP area after an incubation time 
of 15min. As mentioned above, IMP and pre- 
sumably inosine are rapidly formed from ATP by 
dephosphorylation and deamination. The greater 
formation of labelled IMP when ATP is added to 
the incubation mixture suggests that ATP may 
phosphorylate the inosine present. Krebs & Hems 
(1955) have previously shown that liver or brain 
preparations incubated with y P-labelled ITP and 
AMP gave rise to IMP containing radioactivity. 








Table 10. Changes in amount and radioactivity of ADP, IDP, AMP and IMP 


on incubation with pigeon-liver cyclophorase 


Data obtained from the experiments described in Tables 8 and 9. In Expt. 1 the substrate was malate and in Expt. 2 


oxaloacetate. 
ADP phosphorus 


AMP phosphorus 


IDP phosphorus IMP phosphorus 








c % c Y e 
Radio- Radio- Radio- Radio- 
Incubation activity activity activity activity 
Expt. time Amount (counts/ Amount (counts/ Amount (counts/ Amount (counts/ 
no. (min.) (umoles) min.) (nmoles) min.) (zmoles) min.) (umoles) min.) 
1 0 1-85 19 0-25 12 3-0 50 0-2 20 
5 5-42 572 1-75 36 8-7 179 1-6 210 
15 2-56 581 2-75 36 4-1 358 4-6 257 
2 0 1-16 73 0-21 60 2-23 169 0-47 69 
5 2-19 614 315 66 6-05 528 1-7 268 
15 0-85 703 2-97 74 5-1 760 5-4 872 
Changes in amounts and specific activities of other P 
nucleotides. AMP, IMP and IDP, but not ADP, 
showed a low activity at the end of the incubation 
time. Even ADP cannot have been a phosphate 
donor to phosphopyruvate, because of the low 
activities at the earlier stages. ADP formed ATP ADP + X-P +IDP ITP 
initially disappears on further incubation; the IDP 
formed initially also disappears later, but rela- +oxalo- \ gq b|+oxalo- ;/ + oxalo- 
tively slowly (Table 10). At the same time very acetate acetate acetate 
much more IMP appears than can be accounted for 
by the disappearance of IDP or ITP, which shows Phosphopyruvate 


that most of the IMP is formed by the deamination 
of AMP. It will also be seen from Table 10 that the 
counts in AMP do not increase whereas those in 
IMP do. This suggests that some IMP must arise 
by a route other than the deamination of AMP or 
the hydrolysis of IDP, but the possibility cannot be 
excluded that the chromatogram area of IMP 
contains another phosphate ester. It is of interest 
that IDP also accumulates some radioactivity. 

A few experiments were made to test the possi- 
bility of the phosphorylation of inosine. When 
well-washed pigeon-liver cyclophorase was incu- 
bated for 15min. with malate, [%?P]Jorthophos- 
phate and 0-001 inosine in the absence of added 
nucleotides, radioactivity appeared on the paper 
chromatogram in the IMP area. The amount of 
radioactivity corresponded to the formation of 


Fig. 1. Postulated routes of phosphorus transfer giving 
phosphopyruvate. X—P may be guanosine triphoshate. 


DISCUSSION 


In experiments where phosphopyruvate was 
formed from oxaloacetate or malate in the presence 
of radioactive phosphate the specific activities of 
the ATP and ITP added were always below that of 
the phosphopyruvate formed. These observations 
may be explained if it is assumed that there is a 
form of phosphate intermediate between ortho- 
phosphate and ATP (or ITP) and that this primary 
product of oxidative phosphorylation (X-—P) 
donates its phosphate to,oxaloacetate rather than 
to ADP or IDP. Fig. 1 shows the reaction sequences 
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envisaged. Thus when «-oxoglutarate or succinate 
is oxidized in the circumstances described by 
Bartley (1954) only small amounts of oxaloacetate 
are formed and ADP successfully competes for the 
high-energy phosphate of X-P; ATP is maintained 
at a high level and phosphopyruvate formation is 
thus by route (a). In this case the specific activity 
of ATP will always be greater than that of phos- 
phopyruvate. When malate or oxaloacetate is 
oxidized the large amount of oxaloacetate present 
successfully competes with ADP for the phosphate 
of X—P, and (b) becomes the main route of phos- 
phopyruvate formation. When this occurs a high 
concentration of ATP cannot be maintained; this 
is in accordance with the experimental observations 
in Table 7, which shows that ATP was not main- 
tained when malate was oxidized by different 
tissue preparations. It is feasible that the low 
specific activity of ATP, compared with that of 
phosphopyruvate, is due to part of the ATP 
(possibly that within the mitochondria) becoming 
radioactive at a higher rate than the rest, because 
of impermeability of the mitochondrial membrane 
to external ATP, and that this fraction specifically 
donates its phosphorus to phosphopyruvate. This 
explanation could not simultaneously account for 
the inability of malate to maintain ATP. Although 
the possibility of the ATP reacting in an inhomo- 
geneous way cannot be excluded, it is thought to be 
unlikely; it is known that with other tissues and 
substrates (Krebs e¢ al. 1953; Bartley, 1953; 
Whittam, Bartley & Weber; 1955) under com- 
parable conditions the y phosphorus atom of ATP 
rapidly equilibrates with labelled orthophosphate 
(in 8-10 min. at 20°). Moreover, it seems that when 
succinate or «-oxoglutarate is a substrate the mito- 
chondrial membrane is permeable to external ATP, 
for in this case the specific activity of the ATP is 
greater than that of the phosphopyruvate. The 
direct phosphorylation of oxaloacetate by X-—P 
would also explain the inability of ATP or ITP to 
stimulate phosphopyruvate production in tissue 
preparations even where ATP and ITP had been 
reduced to a very low level by washing. It is 
possible that X—P may be guanosine triphosphate 
(GTP), which is known to act as a phosphate donor 
to ADP in the oxidative decarboxylation of «- 
oxoglutarate (Sanadi, Gibson & Padmasini Ayen- 
gar, 1954). Guanosine diphosphate is also more 
active than IDP or ADP in the fixation of carbon 
dioxide by reaction (1) (Utter, 1955). This lends 
support to the suggestion that X—P is GTP. 


SUMMARY 


1. Phosphopyruvate is formed at a high rate 
from malate or oxaloacetate by well-washed 
pigeon-liver cyclophorase without the addition of 
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adenosine triphosphate (ATP) or inosine tri- 
phosphate (ITP). 

2. When phosphopyruvate is formed from 
malate or oxaloacetate in the presence of ATP, 
ITP and radioactive phosphate, the specific 
activity of the phosphopyruvate increases faster 
than that of either nucleotide. The results suggest 
that phosphopyruvate in these conditions does not 
receive phosphate primarily from ATP or ITP, but 
from some other endogenous phosphate rapidly in 
equilibrium with the added orthophosphate. 
A possible mechanism involving guanosine tri- 
phosphate is suggested. 

3. Rat-liver homogenate, cyclophorase or mito- 
chondria maintain ATP at a steady concentration 
of approximately 0-0015m when oxidizing succi- 
nate, but fail to maintain ATP when oxidizing 
malate. Similar preparations from pigeon liver fail 
to maintain ATP when oxidizing either succinate or 
malate, but the breakdown of ATP is much more 
rapid in the presence of malate. This is explained 
by the assumption that ADP and oxaloacetate 
compete for the phosphate fixed in GTP by oxi- 
dative phosphorylation. 

4. Observations on the effects of ATP and ITP 
on the consumption of malate and the formation of 
phosphopyruvate also suggest that these nucleo- 
tides are not primary phosphate donors in the 
formation of phosphopyruvate. 
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The Stereoisomers of «e-Diaminopimelic Acid: their Distribution 
in Nature and Behaviour towards certain Enzyme Preparations 
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(Received 16 May 1955) 


ae-Diaminopimelic acid (1:5-diaminopentane-1:5- 
dicarboxylic acid) is symmetrical about the y- 
carbon atom and contains two asymmetric 
centres; it has three stereoisomers, namely the LL, 
DD and meso (internally compensated) compounds. 
It appears to be confined to bacterial organisms 
and is widely distributed among them (Work & 
Dewey, 1953). Diaminopimelic acid was originally 
isolated from hydrolysates of Corynebacterium 
diphtheriae and Mycobacterium tuberculosis, and the 
suggestion was made that it was the meso isomer 
because of its optical inactivity and its behaviour 
in the presence of the L-amino acid oxidase of 
Neurospora (Work, 1951). Subsequent evidence 
obtained with diaminopimelic acid decarboxylase 
supported this view (Work, 1953; Dewey, Hoare & 
Work, 1954), but rigorous proof could not be ob- 
tained without asupply of the authentic meso isomer. 

Diaminopimelic acid has also been isolated from 
the culture filtrate of the lysine auxotroph Escheri- 
chia coli 26-26 (Work & Denman, 1953; Wright & 
Cresson, 1953). Both groups of workers found that 
this diaminopimelic acid had a slight positive 
rotation when first crystallized, but after several 
recrystallizations it was optically inactive. Wright 
& Cresson suggested that some LL isomer was 
present in addition to the meso isomer. 

This paper describes the isolation from the 
mutant culture filtrate of a highly dextrorotatory 
compound which proved to be tL-diaminopimelic 
acid. The isomeric forms of all the naturally 
occurring diaminopimelic acids were established by 
direct comparison with the authentic isomers, 
made available by the resolution of synthetic 
diaminopimelic acid (Work, Birnbaum, Winitz & 
Greenstein, 1955). The enzymic decarboxylation, 
growth-promoting properties and natural distribu- 
tion of the isomers have also been investigated. 

Preliminary reports of these results have 
already been given (Hoare, 1955; Hoare & Work, 
1955a). 

METHODS 


Diaminopimelic acid. Reference stereoisomers of 
diaminopimelic acid were prepared by enzymic resolution 
of the synthetic amino acid: [a], for LL-diaminopimelic 
acid was +45-1 (Work ef al. 1955). For convenience these 
stereoisomers are described as ‘resolved’ throughout the 
present paper. 
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‘Diphtheria’ diaminopimelic acid was prepared from 
hydrolysed toxin-extracted C’. diphtheriae as described by 
Work (1951). 

‘Mutant’ diaminopimelic acid was prepared from the 


culture filtrate of Esch. coli 26/26 by the method of Work |) 


& Denman (1953), with the following quantitative modi- 


fications. Batches (81.) of culture filtrate were prepared |} 


and concentrated as described; half of the product was 


then chromatographed at laboratory temperature on a jj 
column (4:8cm.x50cm.) of Zeocarb 225 (8%-cross- / 
linked, 60-200 mesh). 1-5N-HCl (10 1.) and 2-5n-HCl (21) 


were run through the column and discarded; the next 


1-2-1-5 1. of 2-5n-HCl contained diaminopimelic acid, and, |] 


unless otherwise stated, this fraction was combined with | 
the equivalent fraction from the other half of the culture | 


filtrate and worked up as previously described, except that J 


chloride was removed by electrodialysis. 


Free diaminopimelic acid was crystallized from boiling 7) 


water or from aqueous ethanol. Diaminopimelic acid 
monohydrochloride was crystallized from a highly concen- 
trated solution of amino acid made slightly acid with HCl, 
by addition of acetone until a permanent visible turbidity | 
was produced. The crystalline hydrochloride was dried in | 
vacuo over CaCl, at room temperature. 

Diaminopimelic acid decarboxylase. The crude enzyme 
was a preparation of acetone-dried Aerobacter aerogenes 
grown for 24 hr. at 25°, with compressed-air aeration, on 
the minimal medium of Davis & Mingioli (1950) modified to 
contain 2% (w/v) glucose. Purified decarboxylase was 
prepared as follows, all operations being carried out at 0-2° 
unless otherwise stated. Dried Aero. aerogenes cells (5 g.), 
suspended in 50 ml. of 0-1m potassium phosphate buffer 
pH 6-8 containing 10-*m dimercaptopropanol, were dis- 
integrated by passage at 12000 1b./sq.in. through an 
apparatus described by Milner, Lawrence & French (1950). 
The cell residues, which sedimented at 20000g after 
20 min. centrifuging, were resuspended in 25 ml. of buffer, 
passed again through the disintegrator and centrifuged. 
The combined supernatants, after dialysis overnight 
against 10-‘m dimercaptopropanol, were treated with 
4 vol. of 1% (w/v) protamine sulphate and the precipitate 
was removed by centrifuging at 20 000 g. The supernatant 
was again dialysed overnight against dimercaptopropanol 
and fractionated with acetone at —5°. Each batch of cells 
behaved slightly differently with respect to the volume of 
acetone required to precipitate diaminopimelic acid 
decarboxylase, but as a rule the enzyme was present in the 
fraction precipitated at acetone concentrations between 
50 and 70% (v/v). This fraction was collected by centri- 
fuging, lyophilized and stored in vacuo at — 10°. 

Decarboxylation of diaminopimelic acid was carried out 
quantitatively in the Warburg apparatus as described by 
Dewey et al. (1954), except that the reaction was carried 
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CORRIGENDUM 


The stereoisomers of xe-diaminopimelic acid: their distribution in nature and behaviour 


towards certain enzyme preparations 


By D. 8S. Hoare and ExrizaBetTH WorRK 
Volume 61 (1955) 


p. 563, col. 2, 2nd line of legend to Fig. 1: 


for 5N-HCl-pyridine 


read 10N-HCl-pyridine 
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out in Ng, and M citric acid (0-1 ml.) was used for the ‘acid 


tip’. Small samples (e.g. 0-1 ml.) were qualitatively 
examined for decarboxylation after incubation overnight 
at 37° with enzyme (e.g. 10 mg. cells in 0-5 ml. of buffer); 
deproteinization was carried out with 2 vol. of ethanol, and 
a suitable aliquot (e.g. 200yl.) of the supernatant was 
examined by paper chromatography for diaminopimelic 
acid or its decarboxylation product. 

Other techniques. Paper chromatography was carried out 
either with phenol (NH, atmosphere) on Whatman no. 4 
paper, or (when separation of isomers was required) with 
methanol-water-l0Nn-HCl-pyridine (80:17-5:2-5:10) on 
no. 1 paper (Rhuland, Work, Denman & Hoare, 1955). 
The latter solvent system separates DD- and LL-diamino- 
pimelic acid; the meso and pp isomers behave identically. 
All the other naturally occurring amino acids, with the 
exception of cystine, travel faster than diaminopimelic acid. 

Micro-organisms were extracted with alcohol as de- 
scribed by Lindan & Work (1951) or hydrolysed as 
described by Work & Dewey (1953). Neutral amino acid 
fractions of hydrolysed organisms were usually prepared 
for enzymic or chromatographic examination by electro- 
phoresis of 200 yl. of hydrolysate on Whatman no. 3 paper, 
using 0-5M ammonium acetate buffer, pH 5-0, the neutral 
fraction being eluted with water (Salton, 1953). When 
larger amounts were required, or when preparative desalting 
of diaminopimelic acid was carried out, the appropriate 
size of electrodialysis apparatus was used (Work, 1950). 

Optical rotations were measured on 5% (w/v) solutions 
in 5N-HCl in 2 dm. tubes at 24°. 

Investigation of conditions for the separation of LL and 
meso isomers by elution with HCl from Zeocarb 225 resin 
was carried out by using a water-jacketed column 0-9 cm. 
in diameter and, unless otherwise stated, 50 em. in length. 
A mixture (12 mg.) containing approx. equal amounts of 
LL- and mesodiaminopimelic acid, dissolved in the eluting 
acid, was applied to the column. Ninhydrin colour reaction 
with the reagent of Cocking & Yemm (1954) was carried 
out on 0-1 ml. of effluent fractions added to 5m acetate 
buffer, pH 5-6 (0-4 ml.); to this was added ninhydrin 
(5%, w/v) in redistilled methylcellosolve (0-2 ml.) and 
2 x 10-*m-KCN in methylcellosolve (1 ml.). The tubes were 
immersed in boiling water for 15 min. and cooled under the 
cold tap for 5 min.; 50% (v/v) aqueous ethanol (3 ml.) was 
added and the optical density at 570 my. was measured. 


RESULTS 


Diaminopimelic acid from the culture filtrate 
of Escherichia coli 26—26 


| Various batches of free diaminopimelic acid, when 
first crystallized from the electrodialysed column 
eluate, showed values for [«], varying between 
| +7-6 and +9-0; the values for the material in the 
mother liquors varied from +11-8 to +12-5. No 
change in rotation was produced by acid hydro- 
lysis, either of the concentrated culture filtrate 
before Zeocarb fractionation or of the crystalline 
diaminopimelic acid; cold bromination of the 
culture filtrate also had no effect on the final 
rotation. Therefore the rotation was not due to 
contamination by peptides or carbohydrates. 
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Recrystallization as the free amino acid reduced 
the rotation; after three or four recrystallizations it 
was zero. Recrystallization as the hydrochloride 
raised the rotation. Two 400 mg. samples of twice 
crystallized amino acid, with [«],,+3-4, were each 
recrystallized twice, one as free amino acid, the 
other as hydrochloride; 100 mg. of free amino acid 
were obtained with [«])+2-2, and 180mg. of 
hydrochloride with [«]p + 4-7. 

The dextrorotatory samples on paper chromato- 
graphy gave two spots (see Fig. 1, spot 4), the one 
corresponding with tu-diaminopimelic acid being 
the weaker. The optically inactive material gave 
only one spot, corresponding with either meso- or 
ppD-diaminopimelic acid (spot 5). 
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Fig. 1. Descending chromatogram in methanol—water- 

/0$N-HCl-pyridine (80:17-5:2-5:10); Whatman no. 1 
paper. Development was by dipping in ninhydrin in 
acetone (0-1%, w/v) and heating for 2 min. at 100°. 
Portions (20yg.) of the following diaminopimelic acid 
preparations were applied: 1, resolved meso; 2, resolved 
LL; 3, resolved pp; 4, crude ‘mutant’, once recrystal- 
lized; 5, ‘mutant’ meso; 6, ‘mutant’ meso treated with 
purified decarboxylase; 7, ‘mutant’ LL; 8, ‘mutant’ LL 
treated with crude decarboxylase; 9, ‘mutant’ LL 
treated with purified decarboxylase; 10, ‘diphtheria’ 
preparation; 11, untreated ‘mutant’ (26-26) culture 
filtrate (10 yl.); 12, alcoholic extract of mutant (26-26) 
cells. Spot L is lysine, spot C is cadaverine. 





The pooled mother liquors which accumulated 
from successive recrystallizations of the free amino 
acid were subjected to fractional ethanol precipita- 
tion; paper chromatography showed that the con- 
centration of LL isomer increased in each successive 
precipitation. A stiff gel was obtained from the 
more soluble fractions; this resembled the gela- 
tinous ethanol precipitate obtained from LL- or 
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DD-diaminopimelic acid (Work et al. 1955). The 
material from the gel crystallized easily from 
acetone—dilute hydrochloric acid; after one re- 
crystallization it was shown by paper chromato- 
graphy, rotation and analysis to be Lu-diamino- 
pimelic acid monohydrochloride (see Fig. 1, spot 7, 
and Table 1). 

During the preparation of diaminopimelic acid 
by chromatography on Zeocarb 225, in some cases 





Table 1. Analysis and optical rotation in 5N-HCl 
of naturally occurring isomers of diaminopimelic 
acid monohydrochloride 


N Cl 
Isomer Source (%) % [a]p 
meso ‘Diphtheria’ 12-5 15-6 0 
‘Mutant’} 12-0 15-6 0 
LL ‘Mutant’* 11-9 15-6 + 39-4 
‘Mutant’t 12-0 15-6 +378 
Synthetic 12-3 15-7 +38-5 


(theor.) (theor.) 


* Resolved on Zeocarb 225. 
+ Resolved by crystallization. 



















= 
oe 
° 


> 
Oo 
he —— aed 


° 
eo 


Ninhydrin colour, optical density at 570 mu. 
2 2. & 


2 
nN 


S 


200 500 600 700 


D. 8S. HOARE AND E. WORK 





1955 


the diaminopimelic acid did not come off the 
column as a single symmetrical peak. In one pre- 
paration from a single batch of culture filtrate, both 
the column runs produced a late peak of about 
300 ml. at the end of the main diaminopimelic acid 
peak of 960 ml. The materials in the two peaks were 
worked up separately as the hydrochlorides with- 
out preliminary desalting; the first precipitation 
with acetone resulted in an oil, but, on dilution of 
the oil with water and addition of acetone, crystals 
were produced, 1-09 g. from the main fraction and 
0-07 g. from the late peak. After one recrystalliza- 
tion, examination of thelate peak fraction showed 
it to be pure LL-diaminopimelic acid monohydro- 
chloride (Table 1). The main fraction, with the 
same analysis, had aspecific rotation of + 19-0. It is 
evident that the unusually high rotation of this main 
fraction was due to the fact that it was crystallized 
throughout as the hydrochloride; the LL isomer was 
therefore not removed by recrystallization as was 
usually the case in routine preparations where crys- 
tallization was carried out as the free amino acid. 
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Fig. 2. Chromatography of a mixture of meso- and tL-diaminopimelic acid (12mg.) on Zeocarb 225 column 


(0-9 cm. x50 cm.) with 1-5n-HCl as eluent, at the temperatures shown. -- - -, 
, 8%-cross-linked resin; -—-—- , 4%-cross-linked resin. Unless indicated against the curve, both isomers were 





12%-Cross-linked resin; 


present: L indicates presence of only LL isomer; M indicates presence of only meso isomer. 
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Attempted separation of Lu and 
meso isomers by ion exchange 


Subsequent attempts to repeat the separation of 
LL isomer during routine preparations of ‘mutant’ 
diaminopimelic acid with the large column were 
not always successful. Experiments were there- 
fore carried out on a small scale under carefully 
controlled conditions. When 100cm. or 50cm. 
columns of Zeocarb 225, 8% cross-linked, 100—200 
mesh were used, no separation was achieved with 
2-5N-HCl as eluting agent, the diaminopimelic 
acid peak being completely symmetrical. However, 
when 1-5N-HCl was used on a 50 cm. column, the 
peak was not symmetrical (see Fig. 2), the shape 
being dependent on the temperature. Chromato- 
graphic examination of various fractions at 
different stages of the elution showed that each 
isomer was affected differently by changes in 
temperature. At room temperature the meso 
isomer emerged slightly ahead of the LL isomer; at 
+2° the LL isomer was the first to appear. On 
raising the temperature to 35°, the slowest-moving 
fraction contained only the LL isomer. It was 
concluded from these results that, as the original 
separation of pure LL isomer from the later fraction 
of the large (unjacketed) column occurred in 
July 1953, a slightly raised room temperature was 
possibly responsible for the effect, the actual 
separation occurring during the passage of the 
1:5nN-HCl through the column. Reducing the 
degree of cross-linkage of the resin to 4% pro- 
duced a symmetrical peak with 1-5Nn-HCl at 18°, 
whereas 12% cross-linked resin produced similar 
results to the 8% at 18°. 

In all cases where a separation of isomers was 
achieved, it was so slight as to be useless for pre- 
parative work. 


Enzyme studies: action of diaminopimelic 
acid decarboxylase on isomers 


Samples of diaminopimelic acid, prepared as 
described from the mutant culture fluid, were in- 
completely decarboxylated by purified decarboxy- 
lase preparations, the extent of decarboxylation 
varying from 75 to 90% in different preparations. 
In contrast, diaminopimelic acid isolated from C. 
diphtheriae was completely decarboxylated. Crude 
enzyme preparations completely decarboxylated 
diaminopimelic acid from both sources. The residual 
diaminopimelic acid from decarboxylation of the 
‘mutant’ samples by the purified enzyme was 
separated by paper electrophoresis and found to be 
completely decarboxylated to cadaverine by crude 
enzyme, but to undergo no appreciable decarboxy- 
lation in the presence of the purified enzyme. These 
results indicated the presence of two components in 
the mutant material, the proportions varying 
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from batch to batch. The exact identity of these 
components was not established until pure isomers of 
diaminopimelic acid had been prepared and tested 
with the different decarboxylase preparations. 
The effect of crude and purified decarboxylase 
preparations on the isomers of diaminopimelic 
acid is shown in Figs. 1 and 3 and Table 2. The 
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Fig. 3. Decarboxylation of LL and meso isomers by crude 
and purified enzyme preparations. Diaminopimelic acid 
isomer (5 x 10-*m) in 0-1m phosphate pH 6-8, 1-6 x 10-°u 
pyridoxal phosphate, to a final volume of 2-5 ml. with 
a suspension of crude enzyme (40 mg.) or a solution of 
purified enzyme (3mg.); reaction in N,, 37°. O, 
Crude enzyme+meso; A, crude enzyme+LL; @, 
purified enzyme +meso; 4, purified enzyme+LL. (The 
gas evolution with crude enzyme was greater than that 
with the purified enzyme, since the crude enzyme con- 
tained lysine decarboxylase.) 


Table 2. Decarboxylation of diaminopimelic acid 
isomers by crude and purified decarboxylase pre- 
parations 


2ml. of phosphate buffer (0-1m, pH 6-8) containing 
enzyme (40 mg. of crude, or 10 mg. of purified) + 10 ug. of 
pyridoxal phosphate, incubated in N, at 37° in a Warburg 
apparatus with 0-5 ml. of diaminopimelic acid (2-5 x 10-°m 


in buffer). 
) Decarboxylase 








Purified 
Diaminopimelic acid Total gas 
— A ~ Crude evolution (% 
Isomer Source Qco, Vo, of theoretical) 
meso Resolved 3-4 57 100 
‘Diphtheria’ 3-1 57 100 
‘Mutant’ 3-1 57 98 
LL Resolved 1-0* _- 21 
‘Mutant’ 1-0* 2-5 19 
DD Resolved 0-0 0-0 0 


* 15 min. lag period. 
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DD isomer was not decarboxylated by either pre- 
paration, and did not inhibit the decarboxylation 
of the meso isomer when the isomers were present in 
equimolar concentration. The Li isomer was slowly 
and completely attacked, after a lag of 10-20 min., 
by the crude cells. No two purified enzyme pre- 
parations had the same effect on the LL isomer; 
some had practically no effect, while others produced 
a slow, incomplete decarboxylation. The ratio, 
Qco, meso/LL, varied between 30 and 12 and 
appeared to drop on prolonged storage of the 
enzyme preparations. The behaviour of each of the 
pure isomers obtained from mutant culture fluid 
was identical with that of the respective resolved 
isomers (Table 2). Chromatographic examination 
of the reaction products of the natural diamino- 
pimelic acid samples treated with the crude 
enzyme showed that all the diaminopimelic acid 
present had been decarboxylated to cadaverine, 
proving the absence of the DD isomer. 





Diaminopimelic acid from hydrolysates 
of Corynebacterium diphtheriae 

This optically inactive material was identical 
with mesodiaminopimelic acid. It was completely 
decarboxylated to lysine by purified decarboxy- 
lase, and to cadaverine by the crude enzyme pre- 
paration: in both cases it was decarboxylated at 
rates identical with the rates of decarboxylation 
of authentic mesodiaminopimelic acid (Table 2). 
Chromatographic evidence showed that it was 
completely free from the Lu isomer (Fig. 1, spot 
10). 


Diaminopimelic acid in unfractionated bacterial 
culture filtrates, cell extracts and hydrolysates 


The culture filtrate from Esch. coli mutant 26-26 
was examined by paper chromatography in 
methanol—HCl-pyridine, without preliminary con- 
centration or desalting (Fig. 1, spot 11). It con- 
tained approximately equal amounts of LL- and 
meso-diaminopimelic acid and no other detectable 
amino acids at the level examined. The desalted 
culture filtrate was treated with crude decarboxy- 
lase; all the diaminopimelic acid present was con- 
verted into cadaverine, indicating the absence of 
the pp isomer. This mutant accumulated diamino- 
pimelic acid only when the original lysine content of 
the growth medium was 10—15mg./l. (Dr B. D. Davis, 
private communication). At lysine levels of 30 mg./ 
l. or over, no diaminopimelic acid was detected 
even when large amounts of desalted medium were 
examined. 

Alcoholic extracts of the Esch. coli cells which 
had accumulated diaminopimelic acid in the culture 
filtrate also contained large amounts of both 
isomers in approximately equal proportions (spot 
12). Mutant cultures grown on 30 mg. of lysine/I. 
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and wild-type Esch. coli ATCC 9637 had no 
diaminopimelic acid in their alcoholic extracts. 
The hydrolysed ethanol-extracted cell residues of 
mutant or wild-type Esch. coli cultures contained 
only mesodiaminopimelic acid. 

Crude or electrodialysed hydrolysates of various 
bacteria were examined by paper chromato- 
siti (see re 4 for eT: In most cases, 
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Fig. 4. Portion of chromatograms of bacterial hydrolysates 
treated with H,O,. Technique as in Fig. 1. Spots with 
continuous outline represent diaminopimelic acid; when 
freshly developed they were olive green and changed to 
permanent yellow. Spots with dotted outline represent 
other amino acids; they were purple or blue and faded 
rapidly. Each spot represents the following organisms: 
Cl., Cl. welchii equivalent to 1-5 mg. (dry wt.); Ath., 
Athiorhodaceae sp. equivalent to 2-5 mg. (dry wt.); Aero., 
neutral amino acid fraction from 5 mg. (dry wt.), of 
Aero. aerogenes; O, organism alone; L, added Li-diamino- 
pimelic acid (10 ug.); M, added mesodiaminopimelic acid 
(10 wg.); S, synthetic diaminopimelic acid marker (20 yg.). 


the isomeric form was checked by chromatography 
in the presence of added isomers and by decarboxy- 
lation of the neutral amino acid fraction (to prove 
the absence of the pp isomer). In the following 
hydrolysed organisms only the meso isomer of 
diaminopimelic acid was found: Vibrio comma, 
Azotobacter chroococcum, Rhizobium sp., Esch. coli, 


Aero. aerogenes, Brucella abortus, Haemophilus 
pertussis, Lactobacillus plantarum (arabinosus), 
Bacillus megatherium, B. subtilis, Clostridium 


acetobutyricum, Rhodopseudomonas spheroides, Cyto- 
phaga globulosa, Anaboena cylindrica, Myco. tuber- 
culosis, C. diphtheriae. ti-Diaminopimelic acid 
was found in Cl. perfringens (welchii), Propioni- 


bacter jensenii and Pr. thoenii. 
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Growth-promoting activity of isomers of 

diaminopimelic acid for Escherichia coli 173-25 

The diaminopimelic acid auxotroph, Esch. coli 
173-25 (Davis, 1952), was sown on agar plates 
containing minimal medium (Davis & Mingioli, 
1950) supplemented with one of the three isomers of 
diaminopimelic acid (0-1 um), each with or without 
additional L-lysine (0-1 ym). After 24-48 hr. at 37° 
the organism had grown equally well on meso- and 
LL-diaminopimelic acid, growth being in both 
cases much greater when lysine was also present. 
There was no growth on the pp isomer with or 
without lysine. 


DISCUSSION 


At the time when the meso structure was originally 
suggested for the optically inactive diaminopimelic 
acid from C. diphtheriae, no other naturally occur- 
ring meso amino acid was known. Since then, the 
lanthionine of antibiotics has been shown by 
chemical degradation to be the meso isomer 
(Alderton & Fevold, 1951). Diaminopimelic acid, 
unlike lanthionine, cannot be degraded to optically 
active amino acids, so rigorous proof for the meso 
form could not be provided without reference to the 
pure authentic isomers, which were not then 
available. Following the resolution of synthetic 
diaminopimelic acid, the required evidence for the 
meso form was obtained. The only alternative to the 
meso form is a racemic mixture; this was dis- 
counted by paper chromatography and enzymic 
decarboxylation. Confirmation for the meso 
structure was also obtained with the L-amino acid 
oxidase of Neurospora, which oxidized only one 
amino group of both ‘diphtheria’ and synthetic 
mesodiaminopimelic acid, but oxidized the two 
amino groups of the Li isomer (Work, 1955). 

The meso isomer differs so much from the other 
forms in water solubility and crystallizability from 
aqueous ethanol that it is possible to crystallize 
pure meso isomer from mixtures of two or three 
isomers such as occur in diaminopimelic acid 
obtained either from Esch. coli 26-26 mutant 
culture filtrate or by chemical synthesis. The meso 
isomer exhibits another characteristic property: 
aqueous solutions on prolonged standing (even at 
—10°) slowly yield a white insoluble precipitate. 
The differential solubility of the isomers is 
reversed in dilute hydrochloric acid—acetone 
mixtures, and thus pure LL-diaminopimelic acid 
monohydrochloride can be crystallized from a 
mixture of meso and LL isomers, provided that the 
LL isomer predominates. 

Hirs, Moore & Stein (1954) reported a good 
separation of mesocystine from the other isomers by 
chromatography on sulphonated-polystyrene resin ; 
under their conditions, we obtained no separation 


DIAMINOPIMELIC ACID STEREOISOMERS 


567 


of diaminopimelic acid isomers. The occasional 
slight separation of the LL isomer achieved on 
routine large-scale chromatography of the mutant 
culture filtrate, although insufficient for prepara- 
tive purposes, did produce a smail amount of 
dextrorotatory material. At this time Wright & 
Cresson (1953) had already suggested the presence 
of tL-diaminopimelic acid in ‘mutant’ diamino- 
pimelic acid, but our dextrorotatory material 
behaved so unexpectedly towards crude and purified 
decarboxylase preparations that it was not then 
identified as tLL-diaminopimelic acid. Subse- 
quently the optical rotation and enzymic behaviour 
of the resolved Lu isomer showed that this natural 
material was indeed Lu-diaminopimelic acid. The 
apparent decarboxylation of the Li isomer by crude 
preparations is due to a preliminary racemization to 
the meso isomer (Hoare & Work, 19556), which 
was subsequently decarboxylated (Hoare, 1955). 

‘Mutant’ diaminopimelic acid was originally 
prepared for use as a substrate for the decarb- 
oxylase. Only one or two crystallizations of the free 
amino acid were carried out then, since recrystalli- 
zation did not influence the susceptibility of the 
product to the crude decarboxylase, although it did 
reduce optical rotation. The confusing results 
on the variable incomplete decarboxylation of 
‘mutant’ diaminopimelic acid by purified de- 
carboxylase were not explained until it was shown 
that recrystallization removed variable amounts of 
the less susceptible Lu isomer, and that different 
purified decarboxylase preparations varied in their 
capacity to attack this isomer. 

It has not yet been possible to decide whether 
diaminopimelic decarboxylase has an absolute 
specificity towards mesodiaminopimelic acid or 
whether it also slowly attacks the tt form. In 
certain cases the meso isomer was decarboxylated 
at least 30 times faster than the LL isomer. Since 
the relative activities towards the two isomers 
were so variable, both with storage time and with 
different preparations, the decarboxylase may be 
contaminated with a racemase. The product of 
decarboxylation of mesodiaminopimelic acid is L- 
lysine (Dewey et al. 1954); it follows that the 
carboxyl group which is removed is attached to the 
carbon atom in the p configuration. As the DD 
isomer is neither a substrate for nor an inhibitor of 
the decarboxylase, one carbon atom in the L 
configuration is apparently necessary for inter- 
action with the decarboxylase. 

Wright & Cresson (1953) reported that synthetic 
diaminopimelic acid and their ‘mutant’ amino 
acid had identical growth-promoting activities for 
the diaminopimelic acid auxotroph Esch. coli 
173-25. This does not agree with our findings that 
only the Lt and meso isomers support growth of this 
mutant. Racemization of these isomers might 
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account for the similarity of their growth-promot- 
ing activities. 

Paper chromatography of the untreated mutant 
culture filtrate showed that diaminopimelic acid 
was present as an approximately equimolar 
mixture of LL and meso isomers; this proved that 
the isomer mixture isolated by column chromato- 
graphy was not an artifact produced during the 
purification. The soluble intracellular diamino- 
pimelic acid of this mutant resembled closely that 
found in the culture filtrate. The intracellular 
diaminopimelic acid racemase, acting in the 
absence of the decarboxylase, is probably re- 
sponsible for the accumulation and subsequent 
excretion by the cells of this isomer mixture. The 
order of synthesis of the isomers is not yet known. 
It is interesting to note that the bound diamino- 
pimelic acid of this mutant, like that of normal 
Esch. coli, is the meso form. With a few exceptions, 
the meso form was found in hydrolysates of 
bacteria, including both C. diphtheriae and Myco. 
tuberculosis. This proves that the meso isomer 
isolated from these two organisms was the only 
form present and was not separated from an isomer 
mixture by fractional crystallization, as was the 
meso isomer isolated from the Esch. coli ‘mutant’ 
culture filtrate. So far, Lu-diaminopimelic acid 
has been found only in Cl. welchii and the two 
strains of Propionibacter examined ; the significance 
of this distribution is not yet known. 





SUMMARY 


1. Approximately equal amounts of LL- and 
meso-diaminopimelic acid are produced and ex- 
creted by a lysine-requiring mutant of Esch. coli 
26-26. 

2. The isolation of each isomer from the culture 
filtrate is described. 

3. Diaminopimelic acid isolated from hydrolysed 
C. diphtheriae is the meso isomer. 

4. Proof of isomeric form was obtained by 
optical rotation, paper chromatography and 
enzymic decarboxylation. 

5. mesoDiaminopimelic acid is decarboxylated 
by a partially purified preparation of diamino- 
pimelic acid decarboxylase; the Lu isomer is only 
slightly attacked. Both these isomers are com- 
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pletely decarboxylated by crude acetone-dried 
bacterial cells, the meso isomer being the more sus- 
ceptible. The Dp isomer is not decarboxylated. 

6. The diaminopimelic-acid-requiring mutant 
Esch. coli 173-25 grows equally well on the meso 
and LL isomers, but not on the pp isomer. 
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aerogenes, to Dr B. D. Davis for bacterial cultures, and to 
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Denman provided valuable technical assistance. Analyses 
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DETERMINATION OF £-GLUCURONIDASE* 
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Department of Biochemistry, St Mary’s Hospital Medical School, London, W. 2 


(Received 2 June 1955) 


Umbelliferone (7-hydroxycoumarin) and its con- 
jugates appear to be metabolites of coumarin in the 
rabbit (Mead, Smith & Williams, 1955). It was 
observed that, although umbelliferone fluoresced 
strongly in ultraviolet light at pH 9-10, its con- 
jugates showed little or no fluorescence. The glucu- 
ronide and ethereal sulphate of umbelliferone were 
therefore made and the former was found to be 
practically non-fluorescent. The possibility that 
these conjugates could be used as substrates for the 
determination of f-glucuronidase and arylsul- 
phatase was therefore investigated. Since umbelli- 
ferone is highly fluorescent it appeared likely that 
these conjugates could be used for the determina- 
tion of the enzymes in very small amounts of 
material. The present communication deals with 
the use of the glucuronides of umbelliferone and 
the cheaper 4-methylumbelliferone (7-hydroxy-4- 
methyleoumarin) for the determination of B- 
glucuronidase. (This work has been briefly reported 
by Mead, Smith & Williams, 1954.) The ethereal 
sulphates of umbelliferone and 4-methylumbelli- 
ferone show a fluorescence which is considerably 
less than the corresponding hydroxycoumarins. 
We have attempted to use these compounds for the 
fluorimetric assay of arylsulphatase, but we do not 
consider them satisfactory because their fluor- 
escence is sufficient to give relatively high blank 
values. The f-glucosides of umbelliferone and 4- 
methylumbelliferone, however, have been found to 
be satisfactory for the determination of B-gluco- 
sidase, and an account of these compounds will be 
given later. 


EXPERIMENTAL 


Materials. Umbelliferone, m.p. 224-226°, purchased 
from British Drug Houses Ltd., had a pale-reddish colour, 
and paper chromatography showed that it was not pure. 
In n-butanol-acetic acid—water (4:1:5 by vol.), besides a 
main fluorescent spot due to umbelliferone, three other 
much weaker fluorescent spots were present. As a standard 
for fluorescent purposes umbelliferone was purified by way 
of the sulphuric ester. The umbelliferone (4-5 g.) was 


* Part 66: Jondorf, Parke & Williams (1955). 


dissolved in pyridine (10 ml.) and a solution of chloro- 
sulphonic acid (3 g.) in pyridine (10 ml.) added carefully 
with cooling. The mixture was then kept at room temp. for 
24 hr. Water (100 ml.) was then added, followed by a slight 
excess of KHCO,. The precipitate which formed was 
collected by filtration, dissolved in the minimum of hot 
water (charcoal) and the solution filtered. On cooling the 
potassium umbelliferone sulphate (potassium 2-oxo-1:2- 
benzopyran-7-yl sulphate) separated and was recrystallized 
from 80% (v/v) aqueous ethanol as colourless needles 
(yield 2 g.). (Found: K, 14-0; S, 11-3. C,H;O,SK requires 
K, 13-9; S, 11-4%.) Short hydrolysis (10 min.) of this salt 
with 0-3n-HCl and cooling yielded pure umbelliferone as 
colourless needles, m.p. 230-231°. 

4-Methylumbelliferone, m.p. 181-183° (British Drug 
Houses Ltd.) was yellowish in colour. Paper chromato- 
graphy showed it to contain no fluorescent impurities. It 
was nevertheless purified as for umbelliferone. Potassium 
4-methylumbelliferone sulphate (potassium 4-methyl-2-oxo- 
1:2-benzopyran-7-yl sulphate) was prepared from 4-methyl- 
umbelliferone (4-5 g.) as described above for the umbelli- 
ferone derivative. It formed colourless needles from 80% 
ethanol (yield 2 g.). (Found: K, 13-3; 8, 10-7. C,,H,O,SK 
requires K, 13-1; S, 10-9%.) Hydrolysis of the salt yielded 
pure 4-methylumbelliferone as colourless needles, m.p. 
185-186°. 

Umbelliferone glucuronide. In two quantitative experi- 
ments it was found that 42 and 39 % respectively of an oral 
dose of 0-2 g. of umbelliferone/kg. was excreted as conju- 
gated glucuronic acid, and 18-6 and 21-6% respectively as 
conjugated sulphate. Six rabbits were each given by 
stomach tube 2 g. of commercial umbelliferone suspended 
in water. The urine (750 ml.) collected during the next 
24 hr. was almost neutral (pH 7-7-5), was non-reducing and 
gave a strong naphthoresorcinol reaction. The glucuronide 
fraction of the urine was separated by systematic lead 
acetate precipitation (cf. Kamil, Smith & Williams, 1951) 
and the filtrate, obtained after removal of lead with H,S at 
the basic lead acetate stage, was evaporated to 150 ml. 
under diminished pressure at 40°. On keeping the solution 
overnight at 0°, a crystalline precipitate separated. This 
was collected and recrystallized from 70 ml. of hot water 
(charcoal) to yield 0-91 g. (3-1% of the dose) of wmbelli- 
ferone glucuronide (2-oxo-1:2-benzopyran-7-yl B-D-gluco- 
siduronic acid, or 7-B-D-glucuronosidocoumarin). It was 
finally purified from absolute ethanol, from which it 
crystallized as colourless needles of the monohydrate, m.p. 
149-150° and [a]?? — 105° in water (c, 1). (Found: C, 50-5; 
H, 4-7; loss at 110°, 5-1. C,;H,,0,,H,O requires C, 50-6; 
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H, 4:5; H,O, 51%.) Methyl (2-orvo-1:2-benzopyran-7-yl 
tri-O-acetyl-B-D-glucosid)uronate, prepared in the usual way, 
was obtained as a white microcrystalline powder from light 
petroleum (b.p. 120°), m.p. 181-182° and [a]??-44° in 
CHC, (c, 1). (Found: C, 55-5; H, 4-6. Cy2:H,.0,. requires C, 
55-2; H, 4-6%.) The yield of crystalline glucuronide was 
low in most experiments and much non-crystalline glucu- 
ronide gum was obtained from which the triacetyl methyl 
ester could be isolated. 

Hydrolysis of the glucuronide with 2N-HCl or with locust 
crop liquor containing f-glucuronidase yielded umbelli- 
ferone. The umbelliferone was detected chromatographic- 
ally on paper by its fluorescence. A spot of the hydrolysate 
was chromatographed on Whatman no. 1 paper, using 
n-butanol-benzene-ammonia, sp.gr. 0°88 (2:5:2 by vol.). 
In this solvent umbelliferone has Ry 0-48 and the glucu- 
ronide Ry, 0-02. The umbelliferone spot was readily 
detected by its bright-blue fluorescence in ultraviolet light 
after the paper had been subjected to ammonia fumes. 

4-Methylumbelliferone glucuronide. In three quantitative 
experiments it was found that 45, 51 and 52 % respectively 
of an oral dose (0-2 g./kg.) of 4-methylumbelliferone was 
excreted as conjugated glucuronic acid, and 4, 6 and 7% 
respectively as conjugated sulphate. Two rabbits were each 
given 2-5g. of commercial 4-methylumbelliferone as 
described for umbelliferone. The non-reducing, slightly 
alkaline 24 hr. urine (300 ml.) was worked up by the lead 
acetate procedure to the stage of removal of lead from the 
basic lead acetate precipitate with H,S. The filtrate (400- 
500 ml.) from lead sulphide was kept at 0° overnight and 
hydrated 4-methylumbelliferone glucuronide (4-methyl-2- 
oxo-1:2-benzopyran-7-yl B-D-glucosiduronic acid) separated 
(2-3 g.). Concentration of the mother liquors to small bulk 
in vacuo yielded a further 0-24 g. (yield 20-25% of dose). 
The compound was twice recrystallized from water and 
formed hydrated colourless needles, m.p. 139-141° 
(decomp.) after sintering at 100-105° and [a]? — 105° in 
water (c, 0-25). Elementary analysis of three different air- 
dried preparations were consistent. (Found: C, 46-3, 46-6, 
46-8; H, 5-7, 5-9, 5-3. C,g.H,,0,,3-5H,O requires C, 46-3; 
H, 5-6%.) On heating at 110°, even for prolonged periods, 
the compound could not be completely dehydrated. 
(Found: loss at 110°, 13-8, 14-2, 14-1. 3-5H,O requires 
15-2 and 3H,O 13%.) The dehydrated substance regained 
some water and its composition was approximately that of 
a hemihydrate, m.p. 139-140° (decomp.). (Found: C, 52-6; 
H, 5-0. C,,H,,0,,0-5H,O requires C, 53-2; H, 47%.) On 
heating the glucuronide for 30 min. in 2N-HCl, and then 
cooling, 4-methylumbelliferone (m.p. and mixed m.p. 
186°) crystallized from the hydrolysate. Methyl (4-methyl- 
2-ox0-1:2-benzopyran-7-yl tri-O-acetyl-B-D-glucosid)uronate 
was prepared in the usual manner and formed white 
needles from absolute ethanol, m.p. 189-190° and [«]?? — 45° 
in CHCI, (c, 1). (Found: C, 56-1; H, 4-9. C.3H,,0,. requires 
C, 56-1; H, 49%.) 





The determination of B-glucuronidase 


An H553 Spekker fluorimeter with 20 ml. cuvettes was 
used. The secondary filters were made of Chance O.B. 1 
blue glass. 

pH-fluorescence curves. From the curves published by 
Goodwin & Kavanagh (1950, 1952) for umbelliferone and 
4-methylumbelliferone it is not possible to determine the 
precise pH at which maximum fluorescence is developed. 
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The curves were therefore redetermined in buffers of pH 
range 5-8-11-0, with aqueous solutions containing 0-04- 
0-05 ug./ml. of umbelliferone or 4-methylumbelliferone, 
fluorescence being measured against standard solutions of 
quinine bisulphate (2 or 4 wg./ml.)in0-1N-H,SO,. The curves 
show that the maximum fluorescence of umbelliferone is 
reached at about pH 9-5 and of 4-methylumbelliferone at 
about pH 10. There is no change in the intensity on raising 
the pH to 11. At about pH 10 the fluorescence is constant 
for at least 1 hr. At pH 11-76 (glycine buffer) there was a 
rapid drop in the intensity of fluorescence, presumably 
owing to hydrolysis of the coumarins. It was decided 
finally to use a glycine buffer of pH 10-32 as the medium for 
developing fluorescence. In this buffer the fluorescence of 
4-methylumbelliferone was stable for at least 12 hr. if not 
irradiated for long periods with ultraviolet light. 

Preparation of the standard curve. The fluorescence in- 
tensities of umbelliferone and 4-methylumbelliferone are 
roughly 20 times that of quinine bisulphate. When the 
instructions of Bowen & Wokes (1953) for the determination 
of density difference curves were followed it was found that 
the concentration ranges of the hydroxycoumarins over 
which linearity of response could be expected with our 
instrument were about 0-01-0-10 g./ml. Empirically it was 
found that the quinine hydrogen sulphate concentration 
that would give drum readings of 0-1—0-8 against these con- 
centrations of the hydroxycoumarins was 4 yg./ml. 

Aqueous solutions of the hydroxycoumarins containing 
5yg./ml. were prepared. Known volumes were diluted to 
50 ml. with 0-1m glycine buffer (pH 10-32) and the fluor- 
escence intensities measured against a quinine bisulphate 
standard containing 4yg./ml. in 0-1N-H,SO,. The drum 
readings of the fluorimeter were plotted against the con- 
centration of the hydroxycoumarin, on logarithmic paper. 
A straight line was obtained. 

Recovery of 4-methylumbelliferone. The hydroxycou- 
marin added to tissue homogenates could be recovered 
almost quantitatively by measuring the fluorescence in the 
glycine buffer. Some of the recovery experiments are 
quoted in Table 1. 

Enzyme solutions. Animal tissues (5-100 mg. according 
to the expected activity) were homogenized with 1 ml. of 
ice-water in a Potter-Elvehjem glass homogenizer, or 
ground with sand in a mortar with 2-3 ml. of ice-water and 
the product diluted to 100 ml. (10 ml. with tissues of low 
activity) with distilled water. Locust crop liquor (Robinson, 
Smith & Williams, 1953) was usually diluted 25000 times 
with water. Urine (1 ml.) was used as such, and saliva 
diluted about four times with water. 

Substrate solution. For most experiments the stock sub- 
strate consisted of a 0-001m aqueous solution of hydrated 
4-methylumbelliferone glucoronide. (In the enzyme assays 
the final substrate concentration was 0-0001M.) This 
solution was stable for 6 weeks if kept at 0°, but it deterior- 
ated in 2-3 days at room temperature. A few experiments 
were carried out with umbelliferone glucuronide in similar 
concentration. 

Buffer and other solutions. Most experiments were carried 
out with 0-1m acetate buffers but 0-1m phosphate-citrate 
and Michaelis’s veronal-acetate-HCl buffers were used in 
some experiments. For the measurement of fluorescence, 
a 0-lm glycine buffer of pH 10-32, a solution of quinine 
bisulphate (4yug./ml.) in 0:1N-H,SO, and a ILyg./ml. 
aqueous solution of recrystallized 4-methylumbelliferone 
were prepared. 
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Table 1. Fluorimetric recovery of 4-methylumbelliferone from tissues 


For liver 30 mg. was homogenized with 1 ml. of water and then diluted to 100 ml. with water. A portion (1 ml.) of this 
solution was mixed with 3-5 ml. of acetate buffer (pH 4-6) and 0-5 ml. of aqueous 4-methylumbelliferone solution of the 
appropriate concentration, and made up to 25 ml. with glycine buffer, pH 10-32. 

For muscle 90 mg. was homogenized with water and then diluted to 10 ml. with water. A portion (1 ml.) of this solution 


was then treated as for the liver homogenate. 


Tissue 
Guinea-pig liver 
Without incubation 


Incubated for 30 min. at 37° 


Guinea-pig skeletal muscle 
Without incubation 


Incubated for 30 min. at 37° 


4-Methylumbelliferone 





cf a 
Added Recovered 
(ug. /ml.) (ug./ml.) 
0-02 0-02, 0-02, 0-02 
0-06 0-06, 0-06, 0-061 
0-02 0-019, 0-0195, 0-0195 
0-06 0-059, 0-060, 0-061 
0-02 0-02, 0-02, 0-02 
0-06 0-057, 0-062, 0-061 
0-02 0-0195, 0-02, 0-02 
0-06 0-06, 0-062, 0-061 





Assay of B-glucuronidase. Most of the measurements 
were carried out at pH 4-6 in acetate buffer. The enzyme 
solution (1 ml.) was mixed in a test tube with 3-5 ml. of 
0-1m acetate buffer of the required pH at 37° and 0-5 ml. 
of the 0-001 substrate solution. The tubes were incubated 
usually for 0-5 hr. at 37°. The time of incubation should be 
measured accurately owing to the sensitivity of the method. 
Glycine buffer (20 ml.) was then added to each tube and the 
contents were mixed. The fluorescence of the solution was 
then determined against the quinine bisulphate standard. 
The blank tubes set up consisted of substrate solution 
(0-5 ml.) and acetate buffer (3-5 ml.). After incubation the 
blank was diluted with 19 ml. of glycine buffer and then 
1 ml. of the enzyme solution and 1 ml. of the 4-methylum- 
belliferone solution were added. After mixing, the fluor- 
escence of the blank solution was measured as before. The 
addition of 4-methylumbelliferone to the blank test was 
necessary in order to bring the value of the blank fluor- 
escence on the calibration curve. The values of the blank 
were usually of the order of 0-001-0-003 yg. of 4-methy]l- 
umbelliferone/ml., and were significant only when small 
amounts (e.g. 0-01 yg./ml.) of the methylumbelliferone were 
being measured. 

B-Glucuronidase in blood. Fishman, Springer & Brunetti 
(1948) have reported on the occurrence of 8-glucuronidase 
in blood, where it appears to be concentrated in the white 
cells. Attempts were therefore made to apply the fluori- 
metric method to blood. Owing to quenching of fluor- 
escence by haemoglobin, the estimation of the enzyme in 
whole blood was not possible. Similar difficulties arose 
with highly coloured urines and plasma in which slight 
haemolysis had occurred, except in the case of plasmas of 
relatively high glucuronidase content (e.g. rabbit plasma) 
where the quenching substances could be eliminated by 
dilution. The glucuronidase activity of haemoglobin-free 
plasma could be readily assayed fluorimetrically. The assay 
was carried out essentially as described in the preceding para- 
graph, using a veronal-acetate—HCl buffer. Precipitation of 
plasma proteins occurred if phthalate or phosphate buffers 
were used. Human plasma was diluted 1 in 10 with distilled 
water, rat and guinea-pig plasma 1 in 25 and rabbit plasma 
1 in 50, and the incubation time was extended to 1-5-3 hr. 


RESULTS 


Crude locust crop liquor with umbelliferone glu- 
curonide as substrate showed an optimum pH at 
about 4:5-4-6 in acetate buffer and at 5-2-5-3 in 
citrate—phosphate buffer. When 4-methylumbelli- 
ferone glucuronide was used there was a broad 
optimum between 4-5 and 5-5 in acetate buffer and 
between 5-0 and 5-5 in citrate—phosphate buffer. 
The optimum substrate concentrations for the crop 
liquor in acetate buffer at pH 4-6 was found to be 
0-0001M, with little change up to 0-0002m for 
umbelliferone glucuronide, and about 0-0001— 
0-0002m for 4-methylumbelliferone glucuronide. 
Under standard conditions the amount of 4- 
methylumbelliferone liberated from the glucuronide 
by a constant amount of a given specimen of 
locust crop liquor was proportional to the time of 
incubation up to 90 min., the limit of time studied. 
Furthermore, with varying dilutions of crop liquor 
the liberation of 4-methylumbelliferone at pH 4-6 
in 0-5 hr. was inversely proportional to the dilution 
of the enzyme solution. 8-Glucuronidase is strongly 
inhibited by p-saccharo-1:4-lactone and by solu- 
tions of potassium hydrogen saccharate which have 
been boiled for 30 min. at pH 3-5, the inhibition by 
the saccharate solution being due to the formation 
of the lactone (Levvy, 1952). The glucuronidase of 
locust crop liquor acting on 4-methylumbelliferone 
glucuronide at pH 4-6 was also inhibited by boiled 
saccharate solutions, 50% inhibition occurring 
with 0-00002m saccharate solutions and complete 
inhibition at 0-001-0-005m. Heparin at a concen- 
tration of 0-4 mg./ml. had no inhibitory effect on 
the locust enzyme. 

Crude homogenates of rat and guinea-pig liver in 
acetate buffer and with 4-methylumbelliferone 
glucuronide as substrate showed an optimum pH at 
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Table 2. B-Glucuronidase activity of various tissues determined fluorimetrically 


S indicates tissue ground with sand and made up to 100 ml. with water. All the tissues were from the same animal of 
the species mentioned. G indicates tissue homogenized in a glass homogenizer and made up to 100 ml. with water. All 
tissues (excluding the foetal and young liver) were from the same animal but different from the one under 8. Figures in 
parentheses indicate the volume to which the homogenized tissue was diluted if not 100 ml. 





4-Methylumbelli- 4-Methylumbelliferone liberated 
Wt. of tissue ferone liberated Wt. of tissue (ug./mg./hr.) at pH 
taken (S) at pH 4-6 taken (G) ——— 
Tissue (mg.) (ug-/mg./hr.) (mg.) 4-6 3-94 
Guinea pig 
Liver : 11-6 4:3 30 8-6 _— 
Foetal liver _ — 28 9-8 — 
Spleen 7-4 3°7 30 6-9 — 
Adrenal 52-4 0-3 — -— - 
Skeletal muscle 445°3 0-04 87 (11) 0-06 — 
Rat 
Liver, adult 30 12-9 13-2 22-5 25-4 
Liver, young — — 22-5 14-7 
Spleen 31-8 11-8 17-4 14-5 20-5 
Testis 863-2 0-1 — oa = 
Skeletal muscle 827-4 0-07 100 (10) 0-19 0-24 
Phrenic nerve 12-2 (10) 0-5 — = ae 
Housefly 
Whole flies 36-0 (11) 2:1 — = 
34-5 (10) 2:8 = £ 
34-1 (25) 1-8 = ‘is “st 


> Sig 
So o 


nd 
So 


from plasma (yg./ml./hr.) 
4-Methylumbelliferone liberated 
from urine (ug./ml./hr.) 


4-Methylumbelliferone liberated 





Fig. 1. pH-activity curves for the £-glucuronidase 
activity of human plasma and urine determined fluori- 
metrically with 4-methylumbelliferone glucuronide as 
substrate. @, Fresh human plasma diluted ten times 
with water; measurements in veronal—acetate—-HCl 
buffers. x, Fresh human urine, undiluted in acetate 
buffer. 


about pH 4. The pH-activity curve for the B- 
glucuronidase activity of a sample of human urine, 
where the optimum is at about pH 4-6 in acetate 
buffer, is shown in Fig. 1, which also shows the pH 
curve for human plasma in veronal—acetate—HCl 
buffer. Rabbit plasma appeared to be many times 
more active than human, guinea-pig or rat plasma. 

Some of the results obtained by the fluorimetric 
method on various animal tissues are shown in 


Table 3. B-Glucuronidase activity of 
human male urine 


Urine (1 ml. fresh random morning samples) used as 
described in text; 2:5 ml. of saliva diluted to 10 ml. and 
1 ml. of solution used. 

4-Methylumbelliferone liberated 
at pH 4-6 in acetate buffer 


Subject (ug-/ml./hr.) 
Urine 

1 1-58, 1-80, 0-90* 

2 1-50 

3 1-20 

4 1-80 

5 0-50 

6 1-15 

7 1-15, 1-05* 

8 (infant) 0-78 

9 (female) 1-17, 1-40* 
Saliva 

1 0-8, 0-45* 


* Different samples. 


Table 2. Our earlier measurements were carried 
out at pH 4-6 in acetate buffer with tissues which 
had been ground with sand. Higher values were 
obtained with tissues homogenized in a glass 
homogenizer. Some values are quoted at pH 3-94, 
which was near the optimum pH of the enzyme 
with 4-methylumbelliferone glucuronide as_sub- 
strate. In Table 3 results are given for fresh human 
urine. The values are very small (1-0-1-5 yg./ml./ 
hr.) and optimum activity was at about pH 4-6 in 
acetate buffer. Some results for plasma are given 
in Table 4. Optimum activity in guinea-pig, rat 
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Table 4. B-Glucuronidase activity in plasma 


Measurements in acetate buffer unless stated otherwise. Figures in parentheses indicate volume to which plasma was 





diluted. 
4-Methylumbelliferone liberated 
Vol. of plasma taken (ug-/ml./hr.) 
and dilution — u 
Species (ml.) At optimum pH At pH 4-6 
Human 1 13 5-6 
1 M1 pH 3-4 ~ 
1* (10) 7 2-5 
Guinea-pig 1* (25) 8-7 pH 4-0 5-6 
Rat 1* (25) 7-1 pH 4-4 6-4 
Rabbit 1 (25) 137 91 (fresh) 
1 (25) 15 pH 4-0 92 (kept 24 hr. at 0°) 
1 (100) 140 _ 
1 (100) arterial 115 — 
1 (100) venous us pH 4-0 — 
1* (50) 50 34 


* Veronal—acetate—HCl buffer. 


and rabbit plasma was found at about pH 4-0, but 
in four human plasmas the optimum was found at 
about pH 3-3-3-4. Measurements at pH 4-6 are also 
quoted for comparative purposes (cf. Fishman et al. 
1948). Rabbit plasma was considerably more 
active than the plasmas of the other species ex- 
amined, and there appeared to be no difference 
between arterial and venous blood. At pH 7-4 the 
enzyme was almost inactive. 


DISCUSSION 


Most of the results with animal tissues were ob- 
tained at pH 4-6, which is not the optimum value 
for the enzyme activity in liver, with 4-methyl- 
umbelliferone glucuronide as substrate. At pH 4 
the liver enzyme would be expected to be nearly 
twice as active as at pH 4-6. The values for tissues 
homogenized in the glass homogenizer are greater 
than those obtained by grinding with sand, 
probably owing to better solution of the enzyme 
(cf. Walker & Levvy, 1953). However, the object 
of this paper was to demonstrate the use of a 
fluorigenic substrate for the assay of £-glucuroni- 
dase. It is claimed that the method is rapid and 
can be used for small amounts of tissue or for 
material with only weak glucuronidase activity, 
since 4-methylumbelliferone can be accurately 
determined fluorimetrically in minute amounts. 
Thus the glucuronidase content of small pieces of 
nerve or that of 1 ml. of normal urine, which has 
a low glucuronidase content, could be readily 
estimated with only 0-5 hr. incubation time. With 
some samples of locust crop liquor, 100 000- to 
200 000-fold dilution was necessary before their 
glucuronidase content could be measured con- 
veniently. Furthermore, the substrate 4-methyl- 


umbelliferone glucuronide can be isolated without 
difficulty from urine, since it crystallizes readily 
from the filtrate obtained after removal of lead 
from the basic lead acetate precipitate of the urine 
of rabbits receiving 4-methylumbelliferone. 


SUMMARY 


1. The glucuronides of umbelliferone and 4- 
methylumbelliferone have been prepared by 
feeding these hydroxycoumarins to rabbits. The 
triacetyl methyl esters of the glucuronides have 
also been described. The potassium salts of umbelli- 
ferone and 4-methylumbelliferone sulphuric esters 
have also been synthesized. 

2. The glucuronides of umbelliferone and 4- 
methylumbelliferone are practically non-fluor- 
escent, whereas the corresponding hydroxy- 
coumarins are very highly fluorescent at pH 10-11, 
and can be measured fluorimetrically in quantities 
of 0-01 yg./ml. or less. 

3. 4-Methylumbelliferone glucuronide is easily 
prepared and can be used as a substrate for B- 
glucuronidase. A fluorimetric method is described 
for the assay of B-glucuronidase. The method is 
highly sensitive and is applicable to very small 
amounts of tissue or materials of low glucuronidase 
content. 

The expenses of this work were in part defrayed by a 
grant from the Medical Research Council, and one of us 
(J.A.R.M.) is grateful to the Council for a maintenance 
grant. 
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Oxidative Metabolism in Ascaris lumbricoides from the Pig 


By L. RATHBONE* 
Department of Biochemistry, University College, London 


(Received 23 March 1955) 


The oxygen tension of the pig intestine is thought 
to be low (Bueding, 1949), and for this reason it has 
often been doubted whether oxygen is essential to 
Ascaris lumbricoides. Many workers have demon- 
strated an uptake of oxygen by Ascaris and rates 
up to 500yl./g. (wet wt.) of whole worm per hr. 
have been observed in an atmosphere of oxygen 
(Grembergen, Damme & Vercruysse, 1949). Laser 
(1944) has shown that prolonged anaerobiosis 
causes an oxygen debt. Grembergen ef al. (1949) 
and Bueding & Charms (1952) have demonstrated 
a succinoxidase system in preparations of muscle 
from A. lumbricoides, and Bueding & Charms 
report that this is of an unusual kind, since 
experiments failed to reveal the existence of a 
cytochrome system in the tissues. 


EXPERIMENTAL 


Tissue preparations. Worms were obtained from the 
slaughter-house. The specimens, after having been washed in 
warm water, were conveyed to the laboratory in large 
vacuum flasks containing ‘keeping medium’ (Baldwin & 
Moyle, 1947) at 38°. The worms were transferred to fresh 
medium on arrival at the laboratory and again after 24 hr. 
They were used on the day of removal from the host or on 
the succeeding day, except in cases in which it had been 
shown that activity in preparations from third-day worms 
was similar to that in first-day preparations. 

Whole suspensions of muscle in 0-5% KCl solution were 
prepared with an homogenizer (Potter & Elvehjem, 1936). 
A portion (1 ml.) containing 0-4-0-6 g. (wet wt.) of tissue 
was added to each flask. 

A particulate fraction was isolated from muscle by a 
method based on that of Schneider (1948), 0-2m sucrose 
being used. A 20% (wet wt./vol.) suspension of muscle in 
0-2m sucrose was prepared and centrifuged at 600g for 
10 min. at 2°. The supernatant was decanted and centri- 
fuged at 18000 g for 10 min. in the cold. The residue from 
of Biochemistry, 
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about 60 ml. of original suspension was triturated with 
about 15 ml. of 0-2m sucrose solution. Such a suspension 
contained about 0-5-1-0 mg. of N/ml. 

Acid-precipitated suspensions were prepared as follows. 
A 20% (wet wt./vol.) suspension of muscle in 0-05m 
phosphate buffer at pH 7-4 was centrifuged at 600g for 
10 min. at 2°. The supernatant was adjusted to pH 5:7 
with N acetic acid and the precipitate collected immediately 
by centrifuging at 1000 g for 20 min. at 2°. The precipitate 
was suspended in an equal volume of 0-02m phosphate 
buffer at pH 7-4. 

Materials. Succinic acid was recrystallized three times 
from hot water. The succinic acid was dissolved and 
neutralized, and the sodium salt precipitated with ethanol 
and recrystallized from 80% ethanol. Citric acid, «-oxo- 
glutaric acid and L-malic acid were commercial products 
(L. Light and Co. Ltd.). Sodium fumarate and cis-aconitic 
acid were gifts from Dr K. R. Rees. The acids were neutral- 
ized with NaOH before use. Diphosphopyridine nucleotide 
(DPN) was prepared by a method described by LePage 
(1949). Adenosine triphosphate (ATP) was prepared by the 
method of Dounce et al. (1948). Cytochrome c was pre- 
pared from beef hearts by the method of Keilin & Hartree 
(1937). Hexokinase was prepared by the method of 
Berger, Slein, Colowick & Cori (1946) carried to the second 
alcohol-precipitation stage. The enzyme was dissolved in 
1% glucose and stored at —10°. Catalase prepared from 
blood by the method of Herbert & Pinsent (1948) was a gift 
from Miss L. Hopkinson. It was assayed by the method of 
Goldblith & Proctor (1950). The units were based on the 
unimolecular reaction constant (Sumner & Somers, 1947). 

The experiments were carried out in the Warburg mano- 
metric apparatus with flasks of about 20 ml. vol. at 38°, 
5 min. being allowed for gassing and 10 min. for equilibra- 
tion. The gas phase was oxygen, except where otherwise 
stated, and the volume of fluid in the flasks was 3 ml. 


RESULTS 


The succinoxidase system 


In preliminary experiments the rate of oxidation of 
succinate by whole suspensions of muscle in 0-5 % 
KCl solution was investigated and found to be 
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proportional to the oxygen tension. The rate was 
markedly reduced by malonate but ATP was 
without effect. In phosphate buffer pH 7-7 was the 
optimum for the system and the rate was inde- 
pendent of phosphate concentration over the 
range 0-0133—0-0667 M. 

In order to obtain a convenient uptake of oxygen 
with whole suspensions of muscle it was necessary 
to add large quantities to the flasks, and to over- 
come this difficulty particulate suspensions were 
prepared and used for most of the investigation. 


Table 1. Effect of oxygen tension and ethylenedi- 
aminetetraacetic acid (EDTA) on the succinoxidase 
system 


Sodium succinate 0-025mM; MgSO,, 0-0066M; sodium 
potassium phosphate buffer pH 7-4, 0-0066m; 1 ml. of a 
suspension of particles from muscle in 0-2 sucrose solution ; 
temp., 38°; vol. 3 ml.; duration of experiments, 30 min. 


Uptake of oxygen 
(ul.) 
—— 
ixpt. In In 


no. Description EDTA (mM) oxygen air 
1 Complete system — 61 18 
No succinate — Nil Nil 

2 Complete system o 64 — 
Complete system 0-0013 73 — 
Complete system 0-002 57 — 
Complete system  0-0026 72 — 
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DPN and ATP similarly had no effect on the rate of 
uptake of oxygen by the system. 

Laser (1944) has reported that hydrogen per- 
oxide is formed in muscle-pulp preparations from 
A. lumbricoides at high oxygen tensions or in the 
presence of methylene blue, and he observed 
increases in the rate of uptake of oxygen when 
hydrogen peroxide was removed from the reaction 
medium by a coupled oxidation with ethanol in the 
presence of catalase. Bueding & Charms (1952) 
have observed a similar increase in the uptake of 
oxygen in the presence of ethanol and catalase 
when succinate was the substrate, and increases 
were obtained in the present study with isolated 
particles (Table 2). 

As a result of the coupled oxidation, ethanol is 
converted into acetaldehyde, and Table 3 shows 
that semicarbazide placed in the centre well, by 
removing this substance from the reaction medium, 
brings about an increase in the rate of uptake of 
oxygen. Further increases may be brought about 
by raising the pH to 8-0 and by adding Mn?* ions 
(Table 3). These findings confirm earlier work of 
Bueding & Charms (1952) on muscle-pulp pre- 
parations. 

The addition of methylene blue to the fortified 
particulate suspension was found to result in a well- 
marked increase in the rate of oxygen uptake 
(Fig. 1). Ferricyanide added as hydrogen acceptor 


Table 2. Effect of catalase and ethanol on the succinoxidase system 


Sodium succinate, MgSO, and phosphate buffer as in Table 1; 1 ml. of a particulate suspension from muscle in 0-2 
sucrose solution; additions as indicated; temp., 38°; duration of experiments, 60 min. 


Catalase Ethanol 
Description units (m) 
Complete system — — 
Complete system 5°8 —_— 
Complete system _ 4x10 
Complete system 5°8 4x10-? 
No succinate 5-8 4x10 


Such particulate preparations were found to 
oxidize succinate at a rate corresponding to a 
Q62 (N) (ul. O,/mg. N/hr. in O,) of 240 (+ 12%) at 
38°. The concentration of phosphate buffer at 
pH 7-4 did not affect the rate, neither did cyto- 
chrome c over a range of phosphate concentrations. 
The system was, however, greatly affected by 
oxygen tension, and results in Table 1 show the 
succinoxidase system to be at least three times as 
active in pure oxygen as it is in air. Altmann & 
Crook (1953) have shown that ethylenediamine- 
tetraacetate (EDTA) stimulates the succinoxidase 
system in Keilin horse-heart preparations, but in 
the present preparations EDTA was without effect. 


Uptake of oxygen (yl.) 








Expt. 1 Expt. 2 
A A . 
rf co 
0-30 min. 30-60min. 0-30min. 30-60 min. 
33 24 47 35 
23 27 - oes 
23 23 —_ _ 
37 37 55 46 
Nil Nil Nil Nil 
Table 3. Effect on the succinowidase system of pH, 


Mn?+ and semicarbazide 


Sodium succinate, 0-025m; MgSO,, 0-0066m; catalase, 
5-8 units; ethanol, 0-04m; sodium potassium phosphate 
buffer, 0-0067M; other additions as indicated. 1 ml. of a 
suspension of particles from muscle in 0-2M sucrose; 
temp., 38°; duration of experiment, 1 hr. 


Semicarbazide Uptake 

MnCl, in centre well of O, 
pH (m) (m) (ul.) 
7-4 — — 27 
8-0 — — 36 
8-0 1x 10-3 — 55 
8-0 1x 10-3 0-2 67 
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in absence of oxygen was shown similarly to allow 
of a greater rate of oxidation. The disproportion in 
the rates of uptake of oxygen in the presence and 
absence of methylene blue encouraged the view 
that the natural hydrogen-transporting system 
considerably limits the rate of oxidation of suc- 
cinate in A. lumbricoides. 

Since cytochrome oxidase plays an important 
part in terminal oxidation in most organisms an 
attempt was made to demonstrate its presence by 
the method of Potter (1949). In confirmation of 
the results of Bueding & Charms (1952) it was not 
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Fig. 1. Effect of methylene blue on the succinoxidase 
system. Sodium succinate, 0-025m; sodium potassium 
phosphate buffer pH 7-4, 0-0066mM; MgSO,, 0-0066m; 
nicotinamide, 0-04m. Additions: DPN, 0-00033m; 
EDTA, 0-001mM; methylene blue, 0-033%; 1 ml. of a 
suspension of particles from muscle in 0-2M sucrose. 
Vol., 3 ml. I, Complete system; II, complete system + 
methylene blue; III, complete system + methylene blue 
+ DPN; IV, complete system + methylene blue + EDTA; 
V, complete system +methylene blue +DPN +EDTA. 
There was no endogenous oxygen uptake. 
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possible to detect cytochrome oxidase activity in 
the particulate suspensions. Cyanide is known to 
be a powerful inhibitor of cytochrome oxidase. In 
the present study, however, potassium cyanide at 
a final concentration of 0-01m brought about a 
striking increase in the rate of uptake of oxygen by 
the succinoxidase system (Table 4). 

Although EDTA had no effect on the uptake of 
oxygen in the absence of methylene blue, an 
appreciable increase in the rate resulted from 
adding EDTA in the presence of the dye (Fig. 1). 

Again, in the system with methylene blue, DPN 
brought about a well-marked increase in the rate of 
uptake of oxygen. DPN had a similar effect on a 
system in which an acid-precipitated suspension, as 
described by Keilin & Hartree (1940), was used. 


Tricarboxylic acid-cycle enzymes in a 
particulate fraction from muscle 


Several intermediates in the tricarboxylic acid 
cycle were found to support an uptake of oxygen 
when added to fortified particulate suspensions 
from muscle (Table 5). The rates were much greater 
in the presence than in the absence of methylene 
blue. Like succinate, «-oxoglutarate, fumarate and 
L-malate were rapidly oxidized in the system, but 
no uptake of oxygen was observed in the presence 
of pyruvate, citrate, cis-aconitate, oxaloacetate, or 
pyruvate and oxaloacetate together. Addition of 
TPN did not promote oxidation of citrate, and 
omission of DPN had a negligible effect on the 
oxidation of L-malate and «-oxoglutarate. No 
uptake resulted from 3-phosphoglyceric acid or 
from sodium acetate in the presence of catalytic 
amounts of L-malate. 


Oxidative phosphorylation 
In a particulate suspension fortified with Mg**, 
ATP, DPN, glucose and hexokinase in phosphate 
buffer at pH 7-4 no phosphorylation was observed 
as a result of the oxidation of either «-oxoglutarate 
or succinate. Fluoride and EDTA failed to elicit 
phosphorylation, neither was any observed when 


Table 4. Effect of cyanide on the succinoxidase system 


Succinate, MgSO, and phosphate buffer as in Table 1; 1 ml. of a suspension of particles from muscle in 0-2 sucrose 
solution; neutralized KCN added where indicated. In flasks containing cyanide 0-1 ml. of 2M-KCN and 0-1 ml. of 0-002M- 
KOH were placed in the centre well; temp., 38°. 


Uptake of oxygen (yl.) 
Se 





Expt. KCN 5 
no. Description (mM) 0-10 min. 0-30 min. 0-60 min. 
1 Complete system 0-01 18 _— 96 
Complete system —~ 5 — 44 
No succinate 0-01 Nil _— Nil 
No succinate — Nil — Nil 
2 Complete system 0-01 27 70 — 
Complete system — 14 49 — 
No succinate 0-01 Nil Nil” —: 
No succinate — Nil Nil -— 
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Table 5. Oxidation of some intermediates in the 
tricarboaxylic acid cycle in the presence and absence 
of methylene blue 


Sodium potassium phosphate buffer pH 7-4, 0-0067m; 
MgSO,, 0-0067mM; DPN, 0-00033M; nicotinamide, 0-04m; 
ATP, 0-001mM; substrate as indicated; methylene blue 
added where indicated; 1 ml. of a suspension of particles 
in 0-2m sucrose from muscle; temp., 38°; duration of 
experiments, 30 min. 


Methylene Uptake 

Expt. Substrate blue of O, 
no. (0-01 final conen.) —(g./100 ml.) (pl.) 
1 a-Oxoglutarate 0-033 176 

a-Oxoglutarate —_ 66* 
Fumarate 0-033 181 

L-Malate — 947 
cis-Aconitate 0-033 Nil 
No substrate 0-033 Nil 
2 Citrate 0-033 Nil 
L-Malate 0-033 225 
a-Oxoglutarate 0-033 246 
No substrate 0-033 Nil 


* Q0: (N), 165. t Q63 (N), 235. 

the particles were isolated in the EDTA-sucrose 
medium described by Cleland & Slater (1953). 
Extensive esterification of phosphate occurred, 
however, when mitochondria from rat liver were 
incubated under similar conditions. 

By including catalase and perienteric fluid in the 
reaction medium Chin & Bueding (1954) were able 
to demonstrate oxidative phosphorylation both in 
whole homogenates and in particulate fractions 
from the muscle of A. lwmbricoides. These workers 
are of the opinion that the perienteric fluid con- 
tributes both the substrate and an undiffusible 
component required for the process. 

In Table 6 are shown the results of some pre- 
liminary experiments in which catalase and 
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ethanol, together with perienteric fluid, were present 
in the system. It is seen from Expt. 1 that a small 
esterification of phosphate occurred and that the 
esterification was greatest when perienteric fluid 
provided the substrate. Succinate caused a re- 
duction, as did EDTA, and succinate by itself did 
not support oxidative phosphorylation. In Expt. 2, 
pyruvate seemed only slightly to affect the degree 
of phosphate esterification in the presence of peri- 
enteric fluid. Pyruvate alone did not give rise to 
phosphate uptake, neither did «-oxoglutarate, 
although the rate of uptake of oxygen in the 
presence of «-oxoglutarate was relatively great. 


DISCUSSION 


It is unusual that the uptake of oxygen by homo- 
genates and particulate suspensions should increase 
several times with increase in the oxygen tension. 
The phenomenon has been observed in segments of 
whole worm by Harnisch (1933), in whole worm and 
in muscle pulp by Laser (1944), and in muscle pulp 
by Bueding & Charms (1952). A similar dependence 
of oxygen consumption upon oxygen tension has 
been found in certain small nematode parasites of 
the intestinal tracts of sheep and rat (Rogers, 1949). 

DPN and ATP were found to have no effect on 
the rate of uptake of oxygen, but although ATP 
was without effect in the presence of methylene 
blue DPN brought about a marked increase. An 
increase with DPN was observed when a prepara- 
tion of muscle similar to that used by Keilin & 
Hartree (1940) in their classical experiments with 
the succinoxidase system was employed. It has not 
been possible to isolate a one-step oxidation of 
succinate to the fumarate—malate complex, and 
consequently the point of action of DPN cannot for 
the present be defined. 


Table 6. Oxidative phosphorylation in a particulate fraction isolated from the muscle of A. lumbricoides 


Glucose, 0-01mM; ATP, 0-001M; hexokinase solution, 0-05 ml.; nicotinamide, 0-04m; DPN, 0-00033m; sodium phosphate 
buffer pH 7-4, 0-0016M; tris (aminotrishydroxymethylmethane) buffer pH 7-4, 0-027M; NaF, 0-013; catalase, 6 units; 
ethanol, 0-04m; KCl, 0-025; 0-5 ml. of a suspension of particles in 0-2 sucrose. Final conen. of substrate (when present) : 
succinate 0-025m; pyruvate 0-01M; «-oxoglutarate 0-01 mM. Temp., 38°; duration of experiments, 2 hr. 


Perienteric 


Expt. fluid EDTA 

no. Substrate (ml.) (m) 

1 Succinate 0-3 0-001 
Succinate 0-3 -- 

Succinate — 0-001 
Succinate — — 

— 0-3 0-001 
2 0-3 ae 
2 Pyruvate 0-3 — 
— 0-3 _ 

Pyruvate — 

a-Oxoglutarate 0-3 — 


a-Oxoglutarate 


P uptake (umole) 


———, 0, uptake P:0 
In N, In O, (watoms) quotient 

Nil 0-32 3-5 0-09 
Nil 0-45 3-1 0-15 
Nil Nil 1-7 _- 
Nil Nil 3-6 — 
Nil 0-45 1-5 0-30 
Nil 0-74 2-4 0-31 
Nil 0-71 2-0 0-35 
Nil 0-52 2-0 0-26 
Nil Nil Nil ~- 
Nil Nil Nil = 
Nil 0-23 2-2 0-10 
Nil Nil 9-7 ~- 
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Potassium cyanide, in contrast with its effect on 
the mammalian succinoxidase system, brought 
about a marked increase in the rate of uptake of 
oxygen. There is a possibility that cyanide, because 
of its ability to combine with ketonic substances, 
reacts with oxaloacetic acid, so relieving the in- 
hibition which this acid imposes on succinic de- 
hydrogenase (Pardee & Potter, 1948) and thereby 
masking a possible overall inhibitory effect. How- 
ever, since the rate of uptake of oxygen in the 
flasks containing cyanide is twice that of the 
controls even at the end of an hour, it is doubtful if 
this explanation is the right one. The increase may 
follow from a combination of cyanide with certain 
iron porphyrins. It is known that the oxidation— 
reduction potentials of cyanide haemochromogens 
are lower than those of haemochromogens in which 
nitrogenous substances other than cyanide are the 
substituents (Barron, 1937). Haemochromogens 
may thus be brought into favourable oxidation— 
reduction relationship with the hydrogen-trans- 
porting system thereby allowing increased oxida- 
tion of the substrate. The behaviour of the por- 
phyrin of the body-wall haemoglobin of Ascaris 
(Davenport, 1949) may be mentioned in this 
connexion. 

Although the bulk of the evidence suggests that 
a cytochrome system, is absent from A. lumbri- 
coides, Grembergen et al. (1949), using Latapie 
breis, have obtained evidence for the existence of 
a cytochrome oxidase with typically mammalian 
characteristics. 

Of the intermediates in the tricarboxylic acid 
cycle, «-oxoglutarate, succinate, fumarate and 
L-malate were oxidized in the system described. 
Since carbohydrate was shown in vitro to be 
broken down anaerobically only as far as phospho- 
glyceric acid (Rathbone & Rees, 1954), it is 
difficult to imagine how the anaerobic and aerobic 
pathways work together in cellular metabolism. 

It may be significant that in vitro no hydrogen 
acceptor is produced for the reoxidation of 
reduced DPN formed in glycolysis. There is a 
possibility that oxygen enters directly into the 
scheme at this point, and a condition similar to 
that found in Plasmodium gallinaceum and 
Trypanosoma evansi (Marshall, 1948a, 6) results. 
Alternatively, if oxaloacetic acid is able to act as 
a hydrogen acceptor in vivo, then the system 
oxaloacetate=malate might function as a hydro- 
gen-carrier system, as suggested by Szent-Gyérgyi 
(1935), who found that in muscle the reversal of 
dehydrogenation of malate took place with unusual 
rapidity. Krebs (1943) has affirmed the possibility 
that this reaction is of some importance as a 
hydrogen-carrier system. 

The present study was undertaken with a view 
to the elucidation of enzyme systems that involve 
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oxygen, and to provide a basis for speculation on 
the possibilities of parasitic adaptation at the 
cellular level. 


SUMMARY 


1. A succinoxidase system was found to be 
present in a particulate fraction isolated from the 
muscle of A. lumbricoides. Rates of uptake of 
oxygen averaged 240 yl./mg. of N/hr. at 38° in an 
atmosphere of oxygen. The rate in pure oxygen 
was about three times that in air. 

2. In an atmosphere of pure oxygen, addition of 
methylene blue to the succinoxidase system caused 
a marked increase in the rate of uptake of oxygen. 

3. In the presence of methylene blue the addi- 
tion of ethylenediaminetetraacetic acid and DPN 
brought about increases in the rate. 

4. «-Oxoglutarate, fumarate and L-malate, like 
succinate, supported an uptake of oxygen when 
added to fortified particulate suspensions. The 
rates were appreciably greater in the presence of 
methylene blue than in its absence. Citrate, cis- 
aconitate, oxaloacetate, and pyruvate with or 
without oxaloacetate, failed to cause uptake of 
oxygen. 

5. In preliminary experiments no evidence of a 
typical cytochrome oxidase was obtained. 

6. A small amount of oxidative phosphorylation 
was found to occur in suitably fortified particulate 
suspensions in the presence of perienteric fluid from 
A. lumbricoides. 


The author acknowledges with gratitude the sustained 
help and encouragement of Professor E. Baldwin, who 
supervised the work throughout. Thanks are also due to 
Dr K. R. Rees and to Dr J. D. Judah for many helpful 
discussions. The work was carried out during the tenure of 
a University of London Postgraduate Studentship. 
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Chitinase in some Basidiomycetes 


By M. V. TRACEY 
Biochemistry Department, Rothamsted Experimental Station, Harpenden, Herts 


(Received 12 March 1955) 


The decomposition of chitin by bacteria has been 
the subject of sporadic interest, but its breakdown 
by fungi has attracted little interest. Chitin may 
be assumed to be one of the polysaccharides that 
are of quantitative importance in the complex 
series of microbiological syntheses and analyses 
that occur in any natural soil. Since, like cellulose, 
chitin is an insoluble polymer of low hydration 
built up of closely apposed oriented chains, it is 
likely to be relatively resistant to enzymic break- 
down (Tracey, 1953). Most of the fungi contain 
chitin, and it occurs also in most groups of the soil 
fauna save perhaps the Protozoa. As a relatively 
abundant material, probably only slowly broken 
down enzymically, it may prove of importance as 
a constituent of the total organic matter of the soil 
and, even more, of the non-living fraction. Chitin 
is normally estimated by total hydrolysis followed 
by determination of glucosamine and sometimes of 
acetic acid. The method is not specific even if 
preceded by extensive purification of the material 
i (a process that often includes alkali treatment with 
risk of deacetylation). Glucosamine is broken 
down to a variable extent during acid hydrolysis 
/ and in crude preparations may arise from sub- 
stances other than chitin. The use of enzymic 
hydrolysis should serve as a useful check on 
chemical methods, for it has the advantage that the 
end product is acetylglucosamine and any doubt 
about the acetylated form of the original material 
is removed. The present work was done in the hope 
of locating a useful source of chitinase for analytical 
work (Tracey, 1955). Liquids of considerable 
i chitinase activity have been found to be produced 


by a number of species of Lycoperdon. The fungi are 
abundant at the beginning of autumn and the 
enzyme solutions obtained from them are stable for 
considerable periods. 


METHODS 


Fungal extracts. Basidiomycete fructifications were 
minced, and the liquid was then expressed through cloth 
and centrifuged. Some fungi gave on mircing a gelatinous 
mass from which it was impossible to express an extract by 
hand. With these minces a cloth-lined basket centrifuge 
gave an extract with little trouble. Many Lycoperdon 
species, if harvested at a suitable stage of maturity, contain 
free liquid which usually accounts for 70-75 % of the fresh 
weight. These fructifications were torn open and spun on 
the basket centrifuge without mincing. A further extract 
of considerably higher solid content could be got by 
mincing the residue from the first treatment. 

Chitosan. This is a product of variable composition pre- 
pared by the partial deacetylation of chitin (see, for 
example, Darmon & Rudall, 1950). Lobster (Homarus) 
chitin was heated with 40% (w/v) NaOH solution in a 
flask fitted with a Bunsen valve in an oven at 105° until the 
material was soluble in dilute acetic acid. Excess of NaOH 
solution was decanted after centrifuging, the chitosan 
dissolved in dilute acetic acid and dialysed against distilled 
water to give a solution of the salt, chitosan acetate. 

Chitin. Cuttlefish (Sepia) ‘ bones’ were soaked in dil. HCl 
until all CaCO, had been removed. The chitinous laminae 
were separated from sand and dispersed in cold cone. HCl. 
As soon as the solution appeared substantially complete the 
liquid was centrifuged and the supernatant poured into a 
large volume of distilled water with mechanical stirring. 
The precipitated chitin was washed repeatedly by decanta- 
tion and residual material of low molecular weight removed 
by dialysis against distilled water. The chitin was stored as 
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a suspension in water (1 g. N/I.) with added toluene as an 
antiseptic. It gave the theoretical yield of acetylglucos- 
amine on enzymic hydrolysis and of glucosamine and 
acetic acid on acid hydrolysis. 

Estimation of acetylglucosamine and glucosamine. Modi- 
fications of the methods of Morgan & Elson (1934) and 
Elson & Morgan (1933) were used (Tracey, 1955). These 
methods have an accuracy of +3% over the range 0-5- 
10 pg. of glucosamine or acetylglucosamine N in the sample. 
The colorimetric method for glucosamine is positive for 
galactosamine, chondrosin, heparosin and hyalobiuronic 
acid and would be expected to be so for chitobiose and 
other oligosaccharides containing a terminal glucosamine 
unit with free reducing group. The colorimetric method for 
acetylglucosamine is positive for acetylgalactosamine (one- 
fifth the colour yield), blood-group mucoids (Aminoff, 
Morgan & Watkins, 1952); it is not given by N.N’-diacetyl- 
chitobiose, 4-8-galactopyranosyl-N-acetylglucosamine or 
3:4:6-trimethyl-N-acetylglucosamine (Kuhn, Gauhe & 
Baer, 1954; Zilliken, Braun, Rose & Gyérgy, 1955; 
Ziliiken, Smith, Tomarelli & Gyérgy, 1955). Other sub- 
stances that may interfere are unlikely to be released from 
chitin of the purity used in these experiments. 

Viscometric assay. The viscosity of chitosan solutions is 
markedly reduced by added salts. The effect of varying 
concentrations of NaCl on the viscosity of a dialysed solu- 
tion of chitosan acetate is illustrated in Fig. 1. In order to 
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Fig. 1. Effect of increasing concentrations of NaCl on 
viscosity of chitosan acetate (concentration 4-05 g./l.). 
A fine precipitate began to form at NaCl concentrations 
between 0-8 and 0-9; it appeared complete at about 
1-0M. 


reduce interference by salts present in unknown concentra- 
tion in the solutions to be assayed, NaCl was added to the 
stock solution of chitosan acetate to give a final concentra- 
tion of 0-3m-NaCl and 11-4 g. of chitosan acetate/]. Since 
in the viscometric chitinase assays the solution was diluted 
by the addition of one volume of buffer and one volume of 
test solution it was desirable to use a buffer solution with 
added salt. The buffer was prepared by adding 19 g. of 
hydrated sodium acetate, 23-4g. of NaCl and 3-6g. of 
acetic acid to 800 ml. of water, adjusting the pH to 5-0 if 
necessary, and diluting to 11. Its molarity in terms of Na 
was 0-56. Thus the final mixture of substrate, buffer and 
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test solution had a minimal Na content of about 0-3m 
and any salts in the test solution were unlikely to affect the 
viscosity of the mixture appreciably unless there was visual 
evidence of precipitation. 

Chitosan acetate NaCl solution (1 ml.) was mixed in a 
small beaker with 1 ml. of buffer. At a known time 1 ml. of 
the test solution was added to the beaker, the contents 
were rapidly mixed by swirling and 2-5 ml. of the mixture 
were immediately pipetted into a U-tube viscometer 
vertically supported in a water bath at either 25° or 30°. 
The flow time was determined at frequent known intervals 
from the time of mixing. Blank determinations, in which 
water replaced the test solution and in which water alone 
was used, were made. 

Using the time for water alone the relative viscosity of 
the chitosan blank and the relative viscosity of the enzyme- 
substrate mixture at each time of observation were calcu- 
lated. A plot of viscosity increment (relative viscosity — 1) 
against time was then used to determine the time required 
for the loss of half the viscosity increment (or, if more 
convenient, some other fraction). A convenient unit of 
activity was that amount of enzyme required to halve the 
viscosity increment in 100 min. 

Assay by chitin hydrolysis. A dialysed suspension of 
Sepia chitin (1 ml.) and 0-2m sodium acetate buffer pH 5-0 
(2 ml.) were incubated, together with the test solution and 
sufficient water to give a final volume of 5 ml. in a stoppered 
tube at 35°. Toluene was used as an antiseptic. Blanks of 
substrate alone and test solution alone were also set up. 
At intervals samples were withdrawn and the total amount 
of acetylglucosamine in solution was determined. 


RESULTS 


Viscometric assay 


Many fungal extracts reduced the viscosity of 
chitosan acetate solutions at pH 5. Typical obser- 
vations on a commercial enzyme solution (Enzyme 
19AP, Rohm and Haas, Philadelphia, described as 
containing cellulase and hemicellulases) are illus- 
trated in Fig. 2. The observations are capable of 
quantitative interpretation in terms of enzyme 
concentration. Results for the comparative 
activities of a number of fungal extracts are listed 
in Table 1. 

The effect of a number of sugars on the rate of 
hydrolysis of chitosan was measured. At a final 
concentration of 0-25m (concentration in visco- 
meter fluid) glucose, sucrose, galactose and glucos- 
amine hydrochloride reduced the apparent activity 
of a Lycoperdon giganteum extract to about 75 % of 
that found in their absence. The same concentra- 
tion of acetylglucosamine reduced the apparent 
activity to 55%. This greater effect of acetyl- 
glucosamine may perhaps be due to a specific 
inhibition of the enzyme by one of the products of 
its action. Prolonged hydrolysis of a sample of the 
chitosan by an active L. giganteum extract resulted 
in the formation of acetylglucosamine equivalent to 
only 10-5 % of the totat N content. Since acetyl- 
glucosamine gives a colour in the method used for 
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determination of glucosamine (16% of that of an 
equimolar amount of glucosamine) it is difficult to 
estimate very small quantities of glucosamine in 
the presence of large amounts of the acetylated 
form. The amount of glucosamine present after 
prolonged enzymic hydrolysis of the chitosan was 
certainly less than 10% of the acetylglucosamine 
and was probably nil. The chitosan sample con- 
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Fig. 2. Estimation of chitinase in enzyme 19 AP by visco- 
metric method. Chitosan acetate substrate, pH 5-0, 25°. 
Plot of viscosity reduction against time that has elapsed 
since mixing: A, 0-25 ml. of enzyme solution (5g. of 
enzyme preparation in 100 ml. of water, dialysed and 
centrifuged); B, 0-5 ml.; C, 0-75 ml.; D, 1-0 ml. 
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tained 2-35 N atoms/acetyl group, indicating that 
42 % of the glucosamine residues were acetylated. 

The utility of the method for following enzyme 
production was demonstrated by measuring the 
progress of chitinase production by a culture of 
Streptomyces albidoflavus grown in a mineral salt 
medium containing 5 g. of Sepia chitin/l. The pH of 
the medium was 7:2 and incubation was at 25° 
(Fig. 3). 

Assay by chitin hydrolysis 

In the method for determination of acetylglucos- 
amine, colour formation was depressed by citrate 
(0-05), concentrated salt solutions [e.g. Na,SO, in 
a concentration of 7:5% (w/v) depressed colour 
formation by 33%] and formate. Crude mycelial 
extracts may contain other substances effective in 
lesser amounts. An extract of Penicillium griseo- 
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Fig. 3. Chitinase production during the growth of Strepto- 
myces albidoflavus culture. Viscometric assay. 
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Table 1. Chitinase activities of fungal and snail extracts (viscometric assay) 


Coprinus comatus 
(autolysis fluid from mature caps) 


Phallus impudicus 
(deliquescent hymenium) 


Fistulina hepatica 
Bovista plumbea 
Lycoperdon depressum 
L. giganteum 


L. pyriforme 


Enzyme 19AP 
(5% suspension dialysed and centrifuged) 


Helix aspersa 

(stomach contents after starvation) 
Helix pomatia 

(stomach contents after starvation) 


Units/ml. Units/g. of dry matter 

20-80 -— 

30 — 

2 — 

25 _ 
100-250 — 
200-1000 5 x 104 

(5 x 10° dialysed) 
200-1000 10° 
(5 x 10° dialysed) 

12-15 4 x 10° dialysed 
370 6 x 108 
625 104 
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fulvum mycelium [0-43 g. of N/l., 1-225 g. of total 
carbohydrate (orcin)/l., total dry matter 6-8 g./l.] 
was analysed, using samples of 0-1, 0-2, 0-4, 0-6, 0:8 
and I ml. The apparent acetylglucosamine contents/ 
l. were 385, 345, 285, 177, 75 and 53mg. The 
depression in colour formation with larger samples 
was so marked that a maximum colour developed 
with a sample volume of 0-4 ml., larger amounts 
giving less total colour. Neither mannitol nor 
starch at concentrations in a 1 ml. sample of 8 g./I. 
affected colour development. Tryptophan, tyrosine, 
alanine, glutamic acid, aspartic acid, B-phenyl- 
alanine and p-aminobenzoic acid all depressed 
colour formation at 2g./l., and an appreciable 
effect was observed with glutamic acid, aspartic 
acid and alanine at 0-2 g./l. The effect described 
above with the P. griseofulvum extract could be 
reproduced with a solution containing 5g. of 
tryptophan and 0-35 g. of acetylglucosamine per 
litre. The effect of glutamic acid in colour depression 
was about five times that of tryptophan. On paper 
chromatography the main amino acid component 
of the extract appeared to be glutamic acid. 

Urea increases colour formation by acetylglucos- 
amine, the position of the main absorption peak 
being little affected, though its height is increased. 
Increased absorption below 500 mu. results in the 
final colour being more orange. Interference by 
urea can be detected not only by the change in hue, 
but, more objectively, by the quotient of absorption 
in the region of 465 and 540 mu. (Ilford filters 622 
and 625). For acetylglucosamine the quotient is 
about 0-3; with 0-01™ urea in the sample it rises to 
about 0-4, and reaches 0-85 with 0-5m urea. Since 
some extracts of L. gigantewm contained 0-3M urea 
the effect is of some importance. It was found that 
urea in concentrations up to M had no effect on the 
course of hydrolysis of chitin by dialysed extracts 
of L. giganteum; consequently dialysed extracts 
were used wherever possible in order to avoid 
interference not only by urea but by other sub- 
stances (such as amino acids) of low molecular 
weight. Dialysis of extracts at room temperature 
led to a slight (approx. 10%) loss of activity. 





Properties of Lycoperdon chitinase 

Stability. The enzyme from Lycoperdon sp. is 
relatively stable in the crude or dialysed state. The 
hydrolysis of an excess of chitin by 0-03 ml. of a 
L. pyriforme extract was followed over a period of 
88 days at 37°. At the end of this period hydrolysis 
was proceeding at one-quarter of the initial rate. 
That this decrease in rate of hydrolysis was 
probably due to inactivation of the enzyme rather 
than increased resistance of the insoluble substrate 
is indicated by determinations of loss of activity in 
the absence of substrate. LD. pyriforme extract 


(0-5 ml.), after dilution to a total volume of 5 ml., 
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0-08m in acetate at pH 5, was kept at 37° for 
31 weeks. At the end of this period 1:33 % of the 
original activity was present; if a rate of inactiva- 
tion proportional to the concentration of active 
enzyme is assumed, 25% would have remained at 
the end of about 70 days and 17% at the end of 
88 days. Thus loss of activity is not markedly 
affected by the presence of substrate. 

The half-life of about 40 days at 37° is increased 
to about 230 days when dialysed extract is stored 
at 5° in the presence of toluene. In the absence of 
toluene and of visible contamination the half-life 
was reduced to about 110 days. The effect of 
toluene and pentachlorophenol on stability and 
activity was determined, since Basu & Whitaker 
(1953) have found that toluene had an inhibitory 
effect on cellulase. Toluene and pentachlorophenol 
had no appreciable effect on activity when the 
period of enzyme action was 2hr. or 4 days, 
provided that they were present in solution. The 
presence of sufficient toluene to form a separate 
phase was also without appreciable effect, but the 
presence of solid pentachlorophenol led to some 
inhibition in the 4-day experiments. Storage for 
31 weeks at 5° resulted in a greater loss of activity 
when pentachlorophenol was the antiseptic than 
when toluene was used. 

Heat inactivation. Dialysed L. pyriforme extract 
was heated by immersion in a water bath for 
15 min. and then cooled in water to room temper- 
ature. Temperatures of 30°, 40°, 45°, 50°, 55°, 60° 
and 70° were used. The heated enzyme (0-5, 0-75; 
1-0 and 1-25ml.) and an unheated control, all 
diluted 1 in 5, were set up with Sepia chitin as 
described earlier. After 4 hr. the amount of acetyl- 
glucosamine liberated was determined. A plot of log 
(amount of acetylglucosamine formed) against the 
temperature to which the enzyme had been exposed 
gave a family of four approximately parallel 
straight lines. It was deduced from the plot that 
50 % of the enzyme would be inactivated under the 
conditions used at 51°, 90 % at 56° and 99 % at 59°. 
Measurable inactivation with this short time of 
heating apparently begins soon after 40°. 

The effect of protein. Whitaker (1952) showed that 
the hydrolysis of cellulose by Myrothecium cellulase 
proceeds faster in the presence of a number of 
proteins. His cellulase was a well-purified prepara- 
tion containing little non-cellulase protein. Since 
the Lycoperdon extracts got by spinning off the 
extracellular fluid formed during ripening had low 
protein contents and high chitinase activity, the 
effect of added protein on the rate of hydrolysis of 
chitin was examined. It was found that added 
protein caused a sharp ‘increase in the rate of 
hydrolysis of chitin by some preparations. 

In comparing the activity of different prepara- 
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strate concentration high enough to ensure direct 
proportionality of the measured effect of enzyme 
action with the amount of enzyme used. Since the 
chitinase solutions used contained protein which 
appeared to have an activating effect, it was im- 
portant to determine whether this effect was on the 
enzyme or on the substrate. If it were on the 
enzyme, then, with a fixed amount of substrate, it 
would be expected that proportionality would be 
achieved. If, however, the protein effect were 
directed at the substrate, increasing amounts of 
an impure enzyme solution might have more and 
more effect on the fixed amounts of substrate, and 
apparent enzyme content per unit volume might 
increase as increased volumes were used in testing. 
The latter effect was found to occur in some ¢circum- 
stances and the effect of added protein was there- 
fore investigated more fully. 

A dialysed L. pyriforme extract containing 
100 mg. of protein N/l. was used at a dilution of 1 in 
100. The protein solution was dialysed cow serum 
containing 7 g. of protein N/I. 

Varied protein concentration. With 1 ml. of chitin 
suspension (1 g. of chitin N/I.) and 1 ml. of diluted 
enzyme (total protein N, 1 yg.) added cow serum 
produced a marked effect in the rate of chitin 
hydrolysis. The effect was measurable when 7 yg. of 
protein N were added (final concentration 1-4 mg./ 
1.), the rate was doubled with 70 ug. and increased 
by a factor of 4-6 by 700yug. The increases were 
followed over 5 days’ incubation and the rates at 
each concentration remained approximately con- 
stant. 

Varied substrate and protein concentration. 
Substrate concentrations of 0-1, 0-3, 0-6 and 1-0 ml. 
of chitin suspension/5 ml. were used. The increase 
of substrate concentration in the absence of added 
protein or the presence of protein at the 7 yg. level 
resulted in a slight increase in rate of hydrolysis 
(50% over the full range). A similar increase 
occurred with 70 ug. of added protein N, though 
owing to the greater rate of hydrolysis it was 
quantitatively more marked. At the 700 yg. level 
of added protein the increase was greater (130% 
over the full range of substrate concentration). 

Varied enzyme and protein concentration. Serum 
concentrations were varied by adding 1, 3, 10, 30, 
100 and 300 yg. of protein N. Enzyme concentra- 
tions were varied by adding 1-1, 3-3 and 10 yg. of 
protein N of the extract to each final volume of 
5ml. Substrate concentration was 100yg. of 
chitin N/5 ml. After incubation for 24 hr. in the 
absence of added protein the increase in the amount 
of chitin hydrolysed by increasing amounts of 
enzyme was greater than would be expected. In 
the presence of 30yg. of added protein N the 
hydrolysis effected was proportional to the amount 
of enzyme used. At higher concentrations hydro- 
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lysis per unit volume of enzyme fell off as more 
enzyme was used. Thus a family of curves was got 
by plotting enzyme concentration against chitin 
breakdown. At low protein concentrations the 
curves were concave and then with increasing 
protein concentration presumably passed through 
a straight-line form to give typical convex curves. 
Three typical curves are illustrated in Fig. 4. 
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Fig. 4. Effect of added protein on hydrolysis of chitin by 
L. pyriforme chitinase. Time of incubation 24 hr.; 100 yg. 
of chitin N, 1-1, 3-3 and l0yg. of total protein N of 
enzyme solution in 5 ml. A, no added protein; B, 30 yg. 
of added protein N; C, 300 yg. of added protein N. 


Effect of sequestering agents. It was thought 
possible that the protein effect might in part be due 
to an immobilization by the protein of metal ions 
that might inhibit hydrolysis. The addition of 
histidine to the medium had an inhibitory effect on 
the rate of hydrolysis. The effect was marked at 
a final concentration of 200 mg./l. (rate was 65 % of 
control) and apparent at 20 mg./l. (90 % of control). 
Ethylenediaminetetraacetic acid had no effect on 
the rate of hydrolysis at the same concentrations. 
At pH 7 neither substance had any effect. Since 
ethylenediaminetetraacetic acid is more effective 
as a sequestrant at pH 7 than at pH 5, and in order 
to avoid assay at a pH at which enzyme activity is 
low, a mixture of dialysed enzyme, phosphate buffer 
pH 7 and ethylenediaminetetraacetic acid (10 mg./ 
ml.) was dialysed against distilled water at 4°. 
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The final pH of the mixture containing ethylene- 
diaminetetraacetic acid was 6-75, and of a control 
without the sequestering agent 7-05. After this 
treatment both solutions had lost about three- 
quarters of their activity when tested at pH 5, but 
there was no activating effect attributable to the 
ethylenediaminetetraacetic acid treatment. The 
protein-activation effect was a little more pro- 
nounced on the enzyme that had been treated with 
ethylenediaminetetraacetic acid. Citrate in final 
concentrations of 0-0002—0-01 m had no effect on the 
course of hydrolysis of chitin by the enzyme. 

pH optimum. In the absence of added protein 
the sample of L. pyriforme chitinase used in these 
experiments had a pH optimum in the region of 5-0. 
The addition of bovine plasma albumin fraction V 
(The Armour Laboratories) in a final concentration 
of 2 mg./l. resulted in a shift of the optimum to 
pH 4-5 and an activation at all pH values between 





Activity (units/ml.) 





40 45 50 55 60 65 7-0 
pH 


Fig. 5. Effect of protein on the rate of hydrolysis by, and 
the pH optimum of, a L. pyriforme extract. A, B, C, 
11 pg. of protein N in extract; D, 110 yg. of protein N in 
extract. A, No added protein; B, 10 ug. of bovine plasma 
albumin (fraction V) added; C, 100 ug. of bovine plasma 
albumin (fraction V) added; D, no added protein. 


4and 7. Further activation was produced at a level 
of 20 mg./I., though the pH optimum remained in 
the region of 4-5. With ten times as much enzyme 
(110 pg. of total protein N) the pH optimum was at 
about pH 5 and there was no activation or shift in 
the position of the pH optimum by added albumin 
(Fig. 5). The activating effect of the protein varies 
considerably with the pH at which digestion 
occurs. An extract of L. giganteum (about 550 pg. 
of total protein used in tests) showed no protein 
effect and had an optimum pH at 4-5. 
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End products of enzyme action. The action of the 
enzyme on chitosan has been discussed above. The 
end product of the action of the chitinase extracts 
with chitin as substrate appears to be acetylglucos- 
amine alone. No chitin-hydrolysing extracts from 
fungi, earthworms, eelworms, soil amoebae, or 
bacteria tested gave any evidence that glucosamine 
was among the end products, even though the 
active extract was allowed to work for months. 
Active preparations incubated at pH 5 with acetyl- 
glucosamine apparently leave it unchanged. A di- 
saccharide does not seem to be a stable end 
product. The extracts from Lycoperdon sp. have 
been repeatedly used in the analysis of chitin- 
containing material and, provided that the material 
is suitably prepared, the yield of acetylglucos- 
amine agrees well with that expected from 
chemical analysis (Tracey, 1955). 


DISCUSSION 


One of the main objects of the work described here 
was the discovery of a source of active chitinase for 
analytical purposes. It was obvious early that the 
fluid produced during the ripening of Lycoperdon 
sp. was very suitable. It is of high activity and can 
be stored for a year or more without losing enough 
activity to affect its use in practice. Hitherto 
Helix digestive juice has seemed the best source of 
the enzyme, but the Lycoperdon material can be 
got in vastly larger amounts with very little trouble 
and has the advantage that very little other 
material is associated with it. 

Since no attempts at purification of the enzyme 
have been made, little can be said of its properties. 
The activity detected in the extracts may be the 
result of the action of one or more enzymes. It is 
possible that only one is involved, as with the 
breakdown of cellulose by some Myrothecium 
extracts (Whitaker, 1953; Kooiman, Roelofsen & 
Sweeris, 1953; but see Gilligan & Reese, 1954). 
Some evidence pointing to the presence of only one 
enzyme is provided by the observation that acetyl- 
glucosamine has a greater inhibitory effect than 
other sugars on the initial stages of chitosan break- 
down. In similar experiments with fungal cellulases 
and the soluble cellulose derivative carboxymethyl- 
cellulose, Reese, Gilligan & Norkrans (1952) found 
that sugars other than cellobiose had little or no 
effect on the rate of loss of viscosity of the substrate. 
Enebo, Sandegren & Ljungdahl (1953) found that 
malt cellulase in unpurified extracts was unaffected 
by sugars other than cellobiose. Since in these 
viscometric assays glucose had little or no effect on 
viscosity changes, whereas the effect of cellobiose 
was pronounced, it was concluded that the end 
product of the enzyme(s). responsible for viscosity 
reduction was cellobiose. Since the effect of chito- 
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biose on viscosity reduction was not determined, 
no direct comparison of cellulase and chitinase is 
possible on these grounds; but it appears significant 
that with chitinase the monomer (acetylglucos- 
amine) was inhibitory, whereas with cellulase it was 
not, though the dimer, cellobiose, was. It appears 
almost certain that the end product of the action of 
these unpurified extracts on chitin itself is acetyl- 
glucosamine. The yield of acetylglucosamine deter- 
mined by a modification of the colorimetric method 
of Morgan & Elson (1934) was that expected from 
the nitrogen content of the chitin. It is known that 
no colour is developed by NN’-diacetylchitobiose, 
though when acetylglucosamine is substituted 
other than on carbon atom 4 it may be developed 
(Kuhn eé al. 1954). Nevertheless, the fact that oligo- 
saccharides containing acetylglucosamine might 
develop colour means that the figures for acetyl- 
glucosamine formed by prolonged action of chitin- 
ase on chitosan do not necessarily refer to free 
acetylglucosamine. There is consequently little 
point in speculating, on the basis of the figures 
quoted, about the type of linkage attacked by the 
enzyme and the exact reason for the reduced sus- 
ceptibility of chitosan to hydrolysis. 

There seems no doubt, however, that deacetyla- 
tion of acetylglucosamine by the enzymes studied 
does not occur. Hackman (1954) found that the 
glucosamine present in the products of the action of 
Helix enzymes on chitin could be accounted for by 
the known degree of deacetylation of the sub- 
strate that occurred during its preparation, and 
Reynolds (1954) found no glucosamine present 
after enzymic breakdown of chitin by Sérepto- 
myces species. The end products of this latter 
action were N-acetylglucosamine and WNN’- 
diacetylchitobiose. 

The demonstration that added protein may cause 
marked changes in the rate of substrate breakdown 
and in the optimum pH for hydrolysis means that, 
as with cellulase, considerable care may be 
necessary before quantitative comparisons are 
made between chitinases from different sources, 
and it may even be a prerequisite for accurate work 
that the enzymes be first brought to a pure state. 
These effects are similar to those reported for 
Myrothecium cellulose by Whitaker (1952) and 
Basu & Whitaker (1953). They suggested that the 
protein effect was unlikely to be due to protection 
of the enzyme from denaturation or to an inter- 
action with an inhibitor present in the enzyme 
solution or assay medium. The ineffectiveness of 
chelating agents in modifying the effect of protein 
on chitinase preparations and the stability of the 
enzyme in the assay medium used suggest that the 
explanations rejected by Whitaker are unlikely to 
hold in the instance of chitinase. Basu & Whitaker 
(1953) suggest that the protein effect and the 
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effect of a number of dyes on the action of the 
Myrothecitum enzyme may be explained by a 
change in surface potential of the insoluble substrate 
that results from adsorption of compounds from 
solution. 

An unequivocal proof of the suggestion that the 
primary effect of the protein is on the substrate 
may be difficult to get. The event of a simultaneous 
collision of substrate, activator and enzyme need 
not be considered, and it is therefore a question of 
deciding whether an interaction between enzyme 
and activator, between substrate and activator or 
between enzyme-substrate complex and activator 
is the effective step in increasing the rate of sub- 
strate breakdown in the system. The demonstration 
of activation by a substance completely adsorbed 
on the substate would throw doubt on the first and 
third possibilities. Unfortunately none of the basic 
dyes found to stimulate Myrothecium cellulase were 
completely adsorbed on the substrate and nor was 
serum albumin. Nevertheless, the results of 
Whitaker (1952), of Basu & Whitaker (1953) and 
those described earlier suggest that the substrate— 
activator interaction may be the important step in 
the stimulation of cellulase action. If definite proof 
of this suggestion were obtained, it would perhaps 
be unwise to risk confusion by referring to an 
‘activating’ effect of protein in such systems, as 
this has come to mean an effect on the enzyme 
itself, either direct or by removing inhibitory sub- 
stances that would otherwise combine with it. It is 
suggested that effects of the nature discussed here 
may be distinguished by the term ‘opsonic’, with 
the direct implication that the effect is directed to 
the substrate rather than to the enzyme. The root 
‘opson’ (from opsono ‘I render palatable’) was 
introduced by Almroth Wright in describing the 
‘activation’ of leucocytosis by substances in the 
blood that affect the foreign bodies (‘substrates’) 
rather than the active agents the leucocytes 


(‘enzymes’). 
SUMMARY 


1. Fungi of the Lycoperdon group have been 
found a useful source of active chitinase. 

2. Active chitinase solutions may show a 
response to added protein similar to that found with 
fungal cellulase. 

3. Methods for the viscometric and hydrolytic 
assay of chitinase are described. 


I wish to thank Dr P. W. Brian of the Butterwick 
Research Laboratories of Imperial Chemical Industries for 
the supply of Penicillium griseofulvuum mycelium, and 
Dr F. A. Skinner of the Microbiology Department of 
Rothamsted Experimental Station for the cultures of 
Streptomyces albidoflavus used in some of the work described 
in this paper. 
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An analytical procedure for the quantitative 
determination of glucosamine and galactosamine 
was described by Elson & Morgan (1933). The 
method was based on the observation by Pauly & 
Ludwig (1922) that in alkaline solution at 100° the 
amino sugars react with acetylacetone to form a 
chromogenic material which gives a chromophore 
or chromophores on treatment in acid solution with 
ethanolic p-dimethylaminobenzaldehyde. The de- 
velopment and use of photoelectric spectrophoto- 
meters during the intervening years has increased 
the sensitivity and accuracy of technique very con- 
siderably, but although many modifications of 
procedure designed to improve the method have 
been described there has, in fact, been no funda- 
mental change in the procedure originally em- 
ployed. The method given in this paper has been 
used for many years and has given satisfactory 
results. The procedure is now described because we 
have frequently referred, in publications from this 
Laboratory, to a modification, whose details have 
not been published, of the technique described in 
the original paper. To ensure that a reliable deter- 
mination of amino sugar is achieved, it is imperative 
that an established and rigid technique is used, 
since slight variations in procedure, especially 
those affecting the pH during the condensation 
with acetylacetone, lead to marked differences in 
the colour intensity finally obtained. 

In the extensive literature on this reaction papers 
by Sorensen (1938), Blix (1948), Schloss (1951) and 
Belcher, Nutten & Sambrook (1954) describe work 


done on the estimation of amino sugar itself, and 
an account of the determination of the amino sugar 
content of a variety of naturally occurring sub- 
stances is given by Boyer & Fiirth (1935), Jorpes 
(1935), Palmer & Meyer (1935), Dakin & West 
(1935), Dakin, Ungley & West (1936), Nilsson 
(1936), Liistig & Ernest (1937), Palmer, Smyth & 
Meyer (1937), Masamune & Nagazumi (1937), 
Dakin, Young & Krauss (1938), West & Clark 
(1938), Hewitt (1938), Hamasato & Akakura 
(1941), Hadidian & Pirie (1948), Ogston & Stanier 
(1950), Johnston, Ogston & Stanier (1951), Cessi 
(1952) and Anastassiadis & Common (1953). 
Reference is made later to work done on other 
aspects of the determination (see Discussion). 


EXPERIMENTAL 
Materials and methods 


Acetylacetone reagent. Redistilled acetylacetone (b.p. 
138-140°, 1 ml.) is dissolved in 50 ml. of 0-5n-Na,CO, 
solution. The reagent is prepared immediately before each 
estimation and is stable for 2-3 hr. at 18°. 

Ethanol. This is distilled after drying for 24 hr. over 
freshly heated calcium oxide. 

p-Dimethylaminobenzaldehyde reagent (Ehrlich’s reagent). 
Commercial-grade p-dimethylaminobenzaldehyde is puri- 
fied as described by Adams & Coleman (1948) and finally 
reprecipitated from ethanol by the addition of 50-75% of 
water. A suitable material is colourless to pale yellow and 
melts at 73°. The aldehyde (0-8 g.) is dissolved in 30 ml. of 
ethanol and 30 ml. of conc. HCl (A.R., sp.gr. 1-18) are 
added. The solution should be free from insoluble matter 
and pale yellow; it keeps well when stored at - 10°. 
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Glucosamine and galactosamine standard solutions. 
Aqueous solutions of the amino sugar hydrochlorides, 1% 
as free base, are convenient for use and stable if stored 
frozen at -— 10°. 

Apparatus. For the determination of hexosamine in 
neutral solution, test tubes (approx. 20 x 1 cm.) graduated 
at a volume of 10 ml. are used. When the solution available 
is not neutral or when the volume of solution is not exactly 
known, an additional graduation at 3 ml. is necessary. 


Procedure 


To the test solution (1 ml.) contained in the tubes 
described acetylacetone reagent (1 ml.) is added, the tube 
contents are well mixed by gentle shaking, and the walls of 
each tube washed down with 1 ml. of distilled water. If the 
solution used is acid 1 drop of phenolphthalein is added 
before the addition of acetylacetone, and the minimum 
quantity of n-NaOH is run in to give a full pink colour. 
Dil. HCl (approx. 0-3N) is then added until the indicator 
colour is just discharged. In these circumstances, or when 
less than 1 ml. of test solution is available, the walls of the 
tubes are washed with sufficient water, after the addition of 
the acetylacetone reagent (1 ml.), to achieve a final volume 
of 3 ml., and for this purpose the second graduation is 
required. 

The tubes are closed with long-necked (2-3 cm.) sealed 
glass ampoules (2-3 ml. volume) each containing 1-2 ml. of 
water; these act as loose stoppers and as condensers to 
prevent the loss of acetylacetone. The tubes are heated in a 
vigorously boiling water bath for 20 min., cooled to room 
temp. (cold water bath) and ethanol (approx. 5-0 ml.) is 
added, followed by 1 ml. of Ehrlich’s reagent and ethanol to 
reach the 10 ml. mark. The contents of the tube are 
thoroughly but gently mixed and warmed for 10 min. in 
a water bath at 65-70° to accelerate liberation of CO,. 
Heating above 70° leads to a decrease in the final colour 
intensity. After cooling to 18° (water bath), the contents of 
the tubes are again mixed and the colour intensity at 
530 muy. is measured for each tube in a Hilger Uvispek or 
similar apparatus, 2 em. cells being used. 

In practice the following tubes are set up: (i) Blanks: 
duplicate, each containing water in place of amino sugar 
solution. (ii) Standards: three or four different concentra- 
tions of amino sugar (in duplicate) are included to cover 
that range of the test where estimations are required. 
(iii) Amino sugar to be determined, in duplicate or triplicate. 


RESULTS 


It has been found repeatedly that the intensities of 
colour, i.e. logy) (Z9/Z), produced in an estimation 
bear a linear relationship to the amount of glucos- 
amine present over the range 5-0-150 pg. of amino 
sugar. Beer’s law is not obeyed with amounts of 
glucosamine greater than 150 yg. (cf. Fig. 1). 
Within these limits the ‘best’ range can be 
evaluated by the method of Ayres (1949). For the 
technique described a graphical plot of percentage 
absorption against log (glucosamine concentra- 
tion) yields a sigmoid curve whose slope at any 
point is proportional to the accuracy at that point. 
Examination of a number of standard curves 
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similar to that given in Fig. 2 showed that the most 
accurate range for the test is 20-60 yg. of amino 
sugar, ‘best’ estimates of solutions of unknown 
concentration being obtained at an amino sugar 
concentration of approx. 30 yg./ml. of test solution. 
By means of the technique described a coefficient 
of variation of 1:3% was obtained for fifteen 
replicate estimations of 30 ug. of glucosamine. 


2:0 
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Logio (Io/!) 


0 100 200 300 


Glucosamine (ug./ml.) 
Fig. 1. Relationship between colour intensity and glucos- 
amine concentration. Colour intensity read on Uvispek 
apparatus at 530 my. with 2 cm. cells. 
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Fig. 2. Accuracy and range of the modified Elson—Morgan 
reaction. Details of experiment are as given for Fig. 1. 


It is of no consequence to define the range of the 
estimation more closely than this because standard 
lines obtained in different experiments are not 
necessarily identical. A recent series of forty 
standard lines fordinate, logy) (I)/Z); abscissa, 
glucosamine concentration], derived from 10 to 30 
points for each line and using the glucosamine 
range 20-60 »g., was evaluated by the method of 
least squares (cf. Brownlee, 1949), and showed a 
range of regression coefficients covering 0-0090— 
0-0130 (standard deviation of scatter 0-004-0-020) 
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and a range of intercepts covering 0-000-0-020. No 
correlation was observed between the number of 
points per line, the slope of the line and the 
standard deviation of the scatter. 

The absorption spectrum of the red colour 
remains unchanged for about 3-0 hr., after which 
a slow diminution in the intensity of absorption 
at 530 mu. is observed. It has been found that 
between 3 and 30hr. the decrease in maximum 
absorption can be expressed as about 0-5 %/hr. for 
concentrations of amino sugar between 10 and 
100 »g./ml. of test solution. 

In one series of experiments, examination of the 
change in absorption spectrum with time showed 
that a fall in colour intensity was accompanied by 
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Fig. 3. Change in absorption spectrum of chromophore 
with time. Curves a,, a,, a, determined for 120 yg. of 
glucosamine at 24, 50 and 120 hr. respectively. Curves 
6,, by, bs similarly determined for 40 yg. of glucosamine. 
Curves for 1 hr. time intervals are omitted from the 
figure, being indistinguishable from the 24 hr. curves on 
the graph scale used. 
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a slow drift of the peak of maximum absorption 
towards the blue end of the spectrum. The shift 
was most marked with the higher amino sugar 
values, but after 120 hr. a definite peak at approx. 
512 mu. (cf. Schloss, 1951) was discernible only 
when the concentration of amino sugar was 
greater than the highest level recommended (ef. 
Fig. 3). 

In agreement with the results of the original 
workers and those obtained subsequently (Palmer 
et al. 1937; Hamasato & Akakura, 1941; Schloss, 
1951), it has been found that the intensity of colour 
produced by galactosamine is identical with that 
given by an equal weight of glucosamine, and no 
significant difference is observed between the 
absorption spectra of the chromophores of glucos- 
amine and galactosamine within the time interval 
0-5-10-0 hr. 
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DISCUSSION 


The method described is suitable for the estimation 
only of free amino sugar; where a determination is 
carried out to ascertain the amino sugar content of 
a polysaccharide or other material of high mole- 
cular weight it is essential that the exact conditions 
that give complete hydrolysis, without destruction 
of the amino sugar, should be known for each sub- 
stance investigated. Any amino sugar units 
remaining as oligosaccharides or substituted amino 
sugars give less colour per unit weight of amino 
sugar than that found for the free amino sugar (cf. 
Jorpes, 1942; Blix, 1948). 

In this Laboratory interest has been centred on 
the amino sugar content of mucoids exhibiting 
blood-group activity (Aminoff, Morgan & Watkins, 
1950; Annison & Morgan, 1952a,6; Gibbons & 
Morgan, 1954). It has been customary to hydrolyse 
each test material in a sealed glass ampoule at 100° 
(mucoid concentration 0-5-1-0%) for 8 or 16 hr. in 
0-5N hydrochloric acid. A known volume of the 
resultant hydrolysate has been withdrawn from the 
ampoule, neutralized with an equal volume of 
0-5N sodium hydroxide and made up to a con- 
venient known volume. The amino sugar content of 
the neutralized solution has then been determined 
in the manner described. From studies of the acid- 
hydrolysis products of the blood-group mucoids it is 
considered probable that this treatment results in 
the complete liberation of amino sugars, although, 
as indicated above, the conditions described are not 
necessarily valid for other types of mucoid or 
polysaccharide. In the application of the technique | 
to naturally occurring substances, the possibility of { 
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obtaining spurious results must not be overlooked, 
for it is well known that materials other than 
amino sugars can interfere in the test. Large 
amounts of some non-nitrogenous sugars give a | 
colour in the reaction, as can urea and glyceralde- 
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hyde, but the most serious errors arise when small 
quantities of amino sugar are estimated in the 
presence of large quantities of mixtures of amino 
acids with non-nitrogenous sugars (Palmer e¢ al. 
1937; Sideris, Young & Krauss, 1938; Lutwak- 
Mann, 1941; Yasuoka, 1944; Horowitz, Ikawa & 
Fling, 1950; Immers & Vasseur, 1950; Storey, 
Yensen, Lisie & Bilién, 1951). For this reason it 
is advisable to confirm determinations of ‘total 
amino sugar’ by alternative means such as that 
proposed by Gardell (1953). An account of a 
method whereby such a confirmation can be 
obtained will be given later. 


SUMMARY 


1. A modification of the method described by 
Elson & Morgan (1933) for the determination of 
amino sugars is given. 

2. The ‘best’ range, the accuracy and the 
reproducibility of the determination are illustrated 
by results obtained by the use of authentic amino 
sugar samples, and the limitations of procedure, 
imposed by the instability of the chromophore 
produced, are given. 

3. Factors of importance in the application of 
the method to naturally occurring substances are 
discussed. 

The authors wish to thank the Medical Research Council 
for the award of a Studentship (1951-4) to C.J.M.R. 
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The Amino Acid Composition of Mammalian Collagen and Gelatin 
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The name collagen is given to a group of related 
fibrous proteins, found in the mesodermal tissues of 
animals. The best-characterized forms of collagen 
occur in the higher animals, where they constitute 
the main organic components of skin, bone, tendon 
and loose connective tissue. Gelatin, a derived 
protein, can be prepared as a breakdown product of 


collagen by extracting these tissues with hot water 
(above 40°). Extraction with minimal degradation 
can normally be accomplished in neutral solutions 
after a prolonged pretreatment with cold alkali or by 
an acid extraction (Ward, 1954). Gelatin isthe princi- 
pal constituent of the commercial products ‘gelatine ’ 
and glue and is responsible for their gel properties. 
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There are no rigid distinguishing features of 
proteins belonging to the collagen group. Bear 
(1952) used certain characteristics of the wide- 
angle X-ray diffraction pattern as the main criteria, 
supported, except in the collagen of the simplest 
organisms (e.g. spongin), by the existence of long 
spacings (approx. 600A), detectable either by small- 
angle X-ray diffraction or electron microscopy. 
Proteins falling within this classification are very 
widely distributed in many animal phyla, and for 
some purposes it appears useful to subdivide 
further this large group, on a chemical basis, 
distinguishing those members which contain 
significant numbers of hydroxyproline residues. 
Hydroxyproline and hydroxylysine are not known 
to occur in substantial quantities in proteins other 
than those of the collagen type. The restricted 
definition would include the characteristic meso- 
dermal protein of vertebrates but might exclude 
many of the invertebrate types, since none of these 
has yet been shown to contain hydroxyproline. In 
addition, only vertebrate collagens have, so far, 
been shown to be capable of yielding a degradation 
product, a solution of which gels on cooling. This 
provides further support for distinguishing verte- 
brate collagens as special members of a wider group. 

Complete amino acid analyses by chemical 
methods are available only for mammalian collagen 
and gelatin. Chibnall (1946), with his co-workers 
and later Bowes & Kenten (1948), have built up 
accurate data for gelatin and ox-hide collagen, 
using a wide variety of analytical techniques. These 
values, with recent minor adjustments, have been 
summarized by Tristram (1953). The amino acid 
composition of collagen and gelatin from a wider 
range of vertebrates has been studied by Neuman 
(1949), using microbiological methods. These 
results as a whole represent a higher order of 
accuracy than the earlier work, details of which 
have been summarized by Bowes & Kenten (1947). 


Table 1. 
H,O 
Pretreatment %) 
Ox hide I 

(a) First extraction; lime (3 months) 13-6 
(6) Third extraction; lime (3 months) 14-3 

Ox hide IT 
Untreated, lime (4 months) 14-5 
Purified, lime (4 months) 12-1 
Bone, lime 15-3 
Pig skin, acid 12-9 
Whale skin, not known 17-5 
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The present survey of the composition of mam- 
malian collagens and gelatins has been made after 
using the ion-exchange chromatographic method of 
Moore & Stein (1951). Work is still in progress on 
the remaining classes of vertebrates. 


EXPERIMENTAL 
Materials 


Bone collagen (ox and human). Collagen, substantially © 


free from mucopolysaccharide—protein complex, was 
prepared from compact bone from the centre of the dia- 
physes of femora by the method of Eastoe & Eastoe (1954). 
(Moisture content: ox collagen, 17-0, human collagen, 
15-7%; ash: 0-08 and 0-04 % respectively.) 

Wallaby tail tendon. The tail was skinned and the four 
massive tendon bundles were pulled from the attached 
vertebrae. Small fragments of bone and adhering muscle 
fibres were removed mechanically. The separated tendons 
were cut into 1 cm. lengths and washed for 48 hr. in four 
changes of 10% aqueous NaCl at 0°. The tendon was 
washed with six changes of water, dehydrated with acetone, 
transferred to ether and finally air-dried. (Moisture, 17-7; 
ash, 0-09 %.) 

Human Achilles tendon. The tendons were treated with 
ethanol and the fat was removed with changes of ether. 
Adhering muscle tissue was cut away, the tendon bundle 
opened out and as much as possible of the yellow sheath 
detached. Smaller fibre bundles were separated and cut into 
lem. lengths. (Total N, 17-88; ash, 0-82%.) The tendon 
was then treated successively with 10% NaCl (two changes, 
24 hr. each at 0°) and saturated aqueous Na,HPO, (three 
changes, 24hr. each at 0°). The material was washed 
thoroughly with distilled water, transferred successively to 
acetone and ether and air-dried. (Total N, 18-14; ash, 
0-05 %.) 

The phosphate-treated tendon was extracted for 1-5 hr. 
with four times its weight of 0-1N-HCl at 100°. Most of the 
tendon went into solution. The solution was filtered through 
glass wool and evaporated to dryness in vacuo. The residue 
from evaporation was allowed to reach equilibrium with 
moisture in the atmosphere and used for the amino acid 
analysis. (Moisture content, 15-0; ash, 0-04%.) 


Moisture and ash contents, isoionic points and physical properties of gelatins 


Isoionic Kinematic ‘Jelly 
Ash point viscosity*  strength’*t 
(%) (pH) (es at 40°) (g. Bloom) 
1-6 4-98 8-2 225 
1] 4-92 8-2 14¢ 
1-1 4-97 8-7 225 
0-016 4-91 — — 
1-4 5-13 55 195 
0-08 8-75 6-8 225 
1-0 5-70 7-5 180 


* Determined according to B.S. 757:1944 at 6-67% (w/w) concentration of gelatin with specified moisture and ash 
content and at pH 6-0-6-5. 3 
+ Gel matured at 10-0° for 17 hr. 
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Reticulin. Reticulin from the mid-cortical zone of 
human kidney, prepared by the method of Windrum, Kent 
& Eastoe (1955), was analysed. 

Commercial gelatins. Six samples of commercial high- 
grade gelatin, manufactured from known raw materials, 
were selected for this study. The gelatins designated ox- 
hide gelatin Ia and Ib were from first- and third-extraction 
liquors respectively of a single batch of alkali-treated 
precursor. The bone gelatin had been prepared from decalci- 
fied ‘Indian bone’, which probably consisted mainly of 
cattle bones. The raw materials, methods of pretreatment, 
moisture and ash contents, isoionic points and character- 
istic physical properties of these gelatins are summarized in 
Table 1. 

Purified gelatin. Ox-hide gelatin II was purified by 
fractionation with ethanol (Stainsby, 1955), followed by 
deionization with mixed-bed resins (Janus, Kenchington & 
Ward, 1951). Approximately 12% of the material from the 
high-viscosity end was removed from solution as a co- 
acervate in three separations. The bulk of the material 
(83-5%) was then separated, leaving some 4-5% of low- 
viscosity material in solution. The middle fraction was 
dissolved in more water at 60° and deionized; the solution 
set to a gel, which was dried in a current of air at room 
temperature. 


Methods 


Moisture. The loss of weight on drying the finely divided 
collagen or a thin film of gelatin for 18 hr. at 105° was used 
to calculate the moisture content. 

Ash. The sample was slowly incinerated, at a low temper- 
ature, in a platinum dish over a Bunsen flame and the 
residue heated for 2hr. at 550° in an electric muffle 
furnace. 

Total N. This was determined by the micro-Kjeldahl 
method of Chibnall, Rees & Williams (1943), as modified by 
Eastoe & Eastoe (1954). 

Isoionic point. The isoionic points of gelatins were deter- 
mined by the deionization method of Janus et al. (1951). 

Hydrolysis. The protein (0-2 g.) was hydrolysed for 
24 hr. or 48 hr. in 20 ml. of 20% (w/w) HCl in a sealed 
resistance-glass tube immersed in water at 100°. The acid 
was removed by evaporation in vacuo at room temperature 
over P,O,; and NaOH. The dry residue could be stored at 
0° over P,O, for at least 2 months without change. 

Chromatographic analysis. Separation of the amino acids 
was carried out on columns of Dowex 50 by the method of 
Moore & Stein (1951). The 1 ml. effluent fractions were 
analysed by the method of Moore & Stein (1948), 2 ml. of 
ninhydrin reagent being used per fraction. Details of 
minor alterations to the published procedures are described 
in the Appendix (p. 601). 

Hydroxyproline. The hydroxyproline peak overlapped 
that of aspartic acid, the deep-blue colour of the latter 
preventing measurement of the pale yellow produced by 
the imino acid. Hydroxyproline was therefore determined 
independently, without preliminary chromatographic 
separation by the method of Neuman & Logan (1950), by 
means of the Martin & Axelrod’s (1953) modification for 
removing hydrogen peroxide. To minimize errors due to 
lack of reproducibility between replicate samples or 
standards, determinations were carried out in duplicate in 
each of two separate experiments. The calibration was 
carried out on a chromatographically purified sample of 
hydroxyproline. 
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Corrections 


Colour yields. The values for ‘colour yield’ used in the 
present calculations were those of Moore & Stein (1948, 
1951), which were confirmed under the present experi- 
mental conditions, except for those of lysine and proline, 
which were found to be 1-08 (at 570 my.) and 3-52 (at 
440 mu.) respectively. A value of 1-08 was found for 
hydroxylysine, and the value 1-02 (Schram, Dustin, Moore 
& Bigwood, 1953) was assumed for methionine sulphoxide. 

Methionine. The methionine content was calculated by 
combining values for the methionine peak and the small 
peak emerging immediately before hydroxyproline; this 
latter peak was assumed to be methionine sulphoxide, 
formed from methionine during the acid hydrolysis 
(Schram et al. 1953). No evidence was obtained for the 
identity of this peak, other than its reported position of 
emergence. 

Glutamic acid. The values for glutamic acid have been 
corrected for an assumed 3 % loss, probably resulting from 
pyrrolidonecarboxylic acid formation during passage 
through the column (Moore & Stein, 1951). 

Serine, threonine and amide nitrogen. The values for 
serine and threonine were corrected for decomposition by 
5 and 3% respectively with hydrolysis for 24 hr. and by 
10 and 5% respectively with hydrolysis for 48 hr. at 100°. 
These corrections were adopted after experiments in 
which serine or threonine was heated with 20% (w/w) HCl 
at 100°. The results obtained were in agreement with the 
differences in the weights of these amino acids recovered 
from gelatin after 24 and 48 hr. hydrolysis at 100°. Losses 
of both serine and threonine after 24 hr. were almost 
exactly one-half of those found by Rees (1946), who used 
HCl of the same concentration, and heated for the same 
time but at a higher temperature, 108-5°. This indicates 
that the rate of decomposition increases by a factor of 
slightly more than 2 for a rise in temperature of 10°. 

The value for amide nitrogen was calculated from the 
ammonia peak after correcting for ammonia formed by 
decomposition of serine and threonine during hydrolysis. 
Rees (1946) has shown that the decomposed hydroxy 
amino acids give a quantitative yield of ammonia. 

Overlapping peaks. Where slight overlaps occurred 
between adjacent peaks, as in the pairs aspartic acid and 
threonine, threonine and serine, and isoleucine and leucine, 
the colour intensity of the fraction at the minimum between 
the peaks was divided equally between them, all other 
values being placed in their respective peaks. The con- 
siderable overlap between tyrosine and phenylalanine 
invalidated this method of calculation, and a procedure 
involving graphical reconstruction of the separate peaks 
was substituted (see Appendix). No attempt was made to 
estimate separately the small amount of ornithine occurring 
in the ox-hide gelatins. 


RESULTS 


The values obtained for the amino acid contents of 
mammalian collagen, gelatin and reticulin samples 
are given in Tables 2-4. Results have been calcu- 
lated on the weight of dry, ash-free protein 
(Tables 2 and 3) and on the total nitrogen content 
(Table 4). The amino acid composition of human 
renal reticulin (Windrum e al. 1955) has been 
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included in Table 4 to facilitate comparison with 
values for human collagen, which were not pre- 
viously available. The reticulin figures are based 
solely on nitrogen content owing to the sub- 
stantial proportion of fatty acid and carbohydrate 
present. 


Table 4. Amino acid composition of human 
collagen and reticulin 


Results are expressed as g. of amino acid nitrogen/100 g. 
of total nitrogen. 


Tendon 
Bone collagen, Renal 
collagen acid extract reticulin 
Duration of 
hydrolysis (hr.) 24 24 24 
Alanine 9-3 9-0 77 
Glycine 26-2 26-4 24-6 
Valine 1-93 2-07 2-13 
Leucine 2-09 2-12 2-85 
Isoleucine 1-09 0-91 1-43 
Proline 10-1 10-3 77 
Phenylalanine 1-15 1-15 1-44 
Tyrosine 0-36 0-30 0-24 
Serine* 2-94 3-00 3-40 
Threonine* 1-50 1-51 1-74 
Cystine 7 T 0-04 
Methioninet 0-43 0-47 0-68 
Arginine 15-4 16-0 14-4 
Histidine 1-41 1:31 1-27 
Lysine 4-59 3-51 3-44 
Ornithine 0-0 0-0 0-0 
Aspartic acid 3°84 3-94 4-21 
Glutamic acid 5-9 5-9 6-1 
Amide§ 3-06 3-59 3-42 
Hydroxyproline 8-2 75 8-6 
Hydroxylysine 0-58 1-45 1-93 
Total 100-1 100-4 97-4|| 


* Corrected for decomposition during hydrolysis (see 
text). 

} Trace (see text). 

{ Sum of methionine and methionine sulphoxide peaks. 

§ Corrected for ammonia formed by decomposition of 
serine and threonine. 

|| Including 0-07 % of glucosamine nitrogen. 


Complete recovery of nitrogen (100-1—101-8 %), 
within the experimental error, was obtained for all 
collagen and gelatin samples (Table 2). The 
tendency for this figure to be persistently high has 
also been reported for other proteins (Smith & 
Stockell, 1954; Smith, Stockell & Kimmel, 1954). 
The effect in the present study is probably attribut- 
able to small errors in the colorimetric factors, and 
possibly a slight underestimation of the total 
nitrogen content. The recovery of weight ranged 
from 95-6 % for human Achilles tendon to 100-5 % 
for ox-hide gelatin II. The difference between the 
weight and nitrogen recovery figures represents the 
non-nitrogenous constituents, but it can only be 
regarded as approximate since it reflects, in 
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addition, the combined experimental errors of 
the moisture, ash and total nitrogen determina- 
tions. 

The chromatograms of all samples qualitatively 
resembled those for ox-hide gelatin II on both 100 
and 15cm. columns of Dowex 50 (Figs. 1 and 2). 
Good separations of peaks were obtained except for 
the pairs of hydroxyproline, aspartic acid and 
tyrosine, phenylalanine. The optical densities of the 
test solutions, measured against water, are shown 
plotted against eluent volume to illustrate the 
extent of variations in the ninhydrin blank during 
the course of a chromatogram. 

With most samples, a trace of ninhydrin-positive 
material emerged from the 100 cm. column at a 
point corresponding to zero retention volume 
(22 ml.); this may have been cysteic acid (Moore & 
Stein, 1951) but it was not definitely identified. Fhe 
ninhydrin blank in the region between alanine and 
valine was sometimes slightly erratic, but in no 
instance was a clear indication of a much-flattened 
cystine peak obtained. These results suggest that 
the cystine content of all samples examined was 
less than 0-05 %. 

The position of emergence of hydroxylysine was 
checked, using a synthetic mixture of the diastereo- 
isomers kindly supplied by Dr J. R. Weisiger of the 
Rockefeller Institute for Medical Research, New 
York. Asymmetry of the leading edge of the lysine 
peak with hydrolysates of lime-processed gelatin, 
but not with acid-processed gelatin or collagen, was 
attributed to the presence of ornithine, which 
emerges at this point (Moore & Stein, 1951). No 
separate identification of ornithine was made. No 
peak occurred in the position reported for trypto- 
phan, although this cannot be regarded as evidence 
for the complete absence of this amino acid owing 
to the extensive destruction of tryptophan that is 
frequently reported as occurring during acid 
hydrolysis. A large body of evidence suggests, 
however, that tryptophan is absent from gelatin 
(Bowes & Kenten, 1947), and no attempt was made 
to determine it separately. 


DISCUSSION 


Values for duplicate determinations on 24 hr. 
hydrolysates of ox-hide gelatin Ib (Table 2) show 
a reproducibility of better than + 4% for all amino 
acids other than tyrosine and better than + 2% for 
amino acids present in amounts greater than 3 % of 
the gelatin. 

Values for amino acids present in amounts less 
than 5 % have been given to two decimal places in 
Table 2. This is intended to imply not that the 
second place is accurately known but that it may be 
taken as an indication for comparative purposes. It 
has also been used in computing totals. 
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Hydrolysis 


Recently 6N [20% (w/w)] hydrochloric acid has 
been used by many workers at temperatures of 105° 
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hydrolysis of proteins before amino acid analysis. 
Close control of temperature appeared important 


for obtaining reproducible hydrolysis, a point that 
has been recently emphasized by Hirs e¢ al. (1954). 
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100°, maintained by immersion in boiling water, was 
employed. Superheating and exposure of the 
hydrolysate to atmospheric oxidation, such as 
may occur when the hydrolysate is boiled directly 
(Macpherson, 1946), were also avoided by this 
procedure. 

The decreased hydrolysis rate at this lower 
temperature did not result in the need for an in- 
conveniently long period for the complete hydro- 
lysis of collagen and gelatin. Synge (1953) con- 
sidered that gelatin does not contain significant 
proportions of those amino acid sequences which 
are extremely stable to acid hydrolysis. The release 
of valine and isoleucine by hydrolysis with 6N 
hydrochloric acid has been shown to be incomplete 
after 20-24 hr. for certain other proteins such as 
insulin (Harfenist, 1953), carboxypeptidase (Smith 
& Stockell, 1954), papain (Smith et al. 1954) and 
ribonuclease (Hirs e¢ al. 1954) at temperatures of 
105--110°. However, despite the decreased hydro- 
lysis rate at 100°, release of amino acids from ox- 
hide gelatin was found to be substantially complete 
after 24 hr. (Tables 2 and 3), the increase in valine 
and the leucines on extending the heating period to 
48 hr. being of the same order as the experimental 
error. Collagen, like gelatin, may be supposed to be 
completely hydrolysed after 24 hr. at 100°, since the 
peptide bonds broken during the conversion of 
collagen into gelatin are labile under very mild 
conditions. Protein impurities in collagen may 
contain sequences of amino acids which require 
more prolonged hydrolysis, but the proportion left 
in peptide combination after 24 hr. will be very 
small compared with those already released from 
both collagen and impurity. 

The mild hydrolytic conditions employed mini- 
mized the breakdown of amino acids. Decomposi- 
tion of serine and threonine with formation of 
ammonia was observed, but there was no indica- 
tion of decomposition of aspartic and glutamic 
acids in periods up to 48 hr., as was observed by 
Smith et al. (1954) and Hirs et al. (1954) at higher 
temperatures. 

The asymmetry of the hydroxylysine peak 
(Fig. 2) has been shown by Piez (1954) to be due to 
the presence of diastereoisomers, which he separ- 
ated on a 30cm. Dowex 50 column. Recently, 
Hamilton & Anderson (1955) have obtained 
evidence that only hydroxy-t-lysine residues are 
present in collagen, allohydroxy-p-lysine being 
formed during hydrolysis by racemization at the 
a-carbon atom. 


Purity of collagen 
It is difficult to prepare collagen free from im- 
purities (Bowes & Kenten, 1948; Kendrew, 1954). 
No methods are available for the removal of 
elastin and other less well-defined proteins (Eastoe 
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& Eastoe, 1954) which resist solution in hot water, 
without risk of simultaneous modification of 
collagen. Further, it is not easy to find valid 
criteria of purity for collagen, nor to define whether 
a given minor component is strictly part of the 
collagen structure or adventitious. Chemical com- 
position appears, at present, to be the most sensi- 
tive tool for examining the purity of collagen 
systems. 

Two approaches have been used for isolating 
samples of collagen. The first, reviewed by Baker, 
Lampitt & Brown (1954), was aimed at dissolving 
impurities with suitable reagents, leaving intact 
collagen fibres. Treatments include the use of: 
10% sodium chloride to dissolve albumins and 
globulins; disodium phosphate, which removes 
other connective tissue proteins, possibly collagen 
precursors (see Harkness, Marko, Muir & Neuberger, 
1954); alkaline trypsin, which breaks down muscle; 
lime water, to dissolve mucopolysaccharides and 
mucoproteins; and fat solvents. The chief difficulty, 
already mentioned, is the presence of proteins more 
resistant than collagen itself. 

The second type of method involves dissolving 
the collagen in a slightly acid solution, possibly 
with intermediate purification (Salo, 1950), before 
precipitating the collagen, in a form that still shows 
structure in the electron microscope (Schmitt, Hall 
& Jakus, 1942), by dialysis or addition of sodium 
chloride. The main objection to this method is that 
only some 10% of collagen (Nageotte & Guyon, 
1934) dissolves, leaving a residue of the bulk of the 
collagen, whose chemical composition is close to 
that of the soluble collagen (Bowes, Elliott & Moss, 
1953) but which clearly differs from it in solubility. 
It appears that fractionation of a heterogeneous 
collagen population occurs, the basis of which is 
not understood. Orekhovitch (1952) has supposed 
acid-soluble collagen, termed ‘procollagen’, to be 
the metabolic precursor of relatively insoluble 
collagen, but more recent work casts doubt on this 
(Harkness et al. 1954). 

Commercially, collagen can be converted into 
gelatin in 80-90% yield, so that gelatin, unlike 
acid-soluble collagen, is derived from the bulk of 
the collagen. 

In the present study, native collagenous tissue 
has been analysed after comparatively mild treat- 
ment with salt solutions. Use of enzymes has been 
avoided, owing to risk of alteration of the collagen 
(Bowes & Kenten, 1948). 


Differences in composition between 
collagen and gelatin 


The amino acid data for collagen and gelatin in 
the recent literature (Tristram, 1953) show close 
similarities (Table 5). This has been confirmed in the 
present study for collagens and gelatins from a 
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number of mammalian sources (Tables 2 and 
3). Certain differences have, however, been 
noted: 

(1) The amide-nitrogen content of gelatin pre- 
pared from limed collagen is less than that of the 
original collagen and falls to a low value after 
prolonged liming (Table 2). There is a resulting fall 
in the isoionic point of the gelatin to a limiting 
value of approximately pH 4-8 for complete 
removal of amide groups (Ames, 1944). Gelatin 
extracted after short acid pretreatment, however, 
may contain substantially all the amide nitrogen 
of the original collagen (Table 2) and have an 
isoionic point in the region pH 8-5—-9-5, which 
presumably approximates to that of collagen, 
although the isoelectric point of acid-soluble 
collagen measured in the presence of sodium 
acetate appears to be in the region of pH 5-8 
(Brown & Kelly, 1953). A more prolonged acid 
treatment of the precursor results in the removal 
of a proportion of the amide groups, indicated by 
a fall in the isoionic point to pH 6-8 (Rousselot, 
1944). 

(2) Treatment of collagen with lime results in a 
slow conversion of arginine residues into ornithine. 
In the present study an accurate determination of 
ornithine was not possible, since the ornithine peak 
was superimposed on the leading edge of the lysine 
peak. The presence of a small quantity of ornithine 
could be detected, however, by the shape of the 
curve in this region, positive indications being 
obtained only for the two ox-hide gelatins, the 
precursors of which had been limed for 3—4 months. 
The upper limit for the ornithine content of these 
gelatins was estimated to be about 0-2 % of amino 
acid/100 g. of gelatin, corresponding to about 3% 
conversion of arginine. 

(3) The two differences set out above are well 
defined ; in addition, there is a less definite tendency 
for gelatin to contain very slightly more of those 
amino acids, e.g. glycine and proline, that are 
present in large amounts in both gelatin and 
collagen, and the collagen samples tend to have 
slightly larger amounts of amino acids such as 
tyrosine, leucine and phenylalanine, which are 
present in both proteins in small proportion only. 
These differences could be explained by assuming 
the presence, in the collagen preparations, of small 
proportions of protein impurities that are not 
present, or present only in smaller proportion, in 
gelatin, with amino acid compositions markedly 
different from collagen and gelatin. Bowes et al. 
(1953) considered that conversion of citrate-soluble 
collagen into insoluble collagen fibres in vivo must 
involve the addition of a protein fraction rich in 
tyrosine, histidine, lysine, proline and amide 
nitrogen and low in hydroxyproline, alanine and 
serine. 
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Relationship of gelatin and collagen 


The possibility that gelatin is relatively free from 
protein-degradation products, derived from con- 
taminants of native collagen and not otherwise 
easily removed, suggests that gelatin may represent 
highly purified collagen in amino acid composition. 
This applies especially to lime-processed gelatin, 
since removal of mucopolysaccharide and muco- 
protein constituents (Eastoe & Eastoe, 1954) would 
be expected to take place during the pretreatment 
of raw material and subsequent washing. 

The extraction itself results in the conversion of 
insoluble precursor into soluble gelatin, by a 
process whose mechanism is not understood, but 
which probably involves, among other factors, 
thermal shrinkage of the precursor. Much of the 
original inter- and possibly intra-chain structure, 
dependent on hydrogen bonding, is lost or altered. 
In addition, occasional peptide bonds are probably 
broken, since the molecular weight of collagen, as 
determined by end-group methods, exceeds 1-5 x 10° 
(Bowes & Moss, 1953), and gelatins have a number- 
average molecular weight of 5—7 x 104 (Pouradier & 
Venet, 1950; Courts, 1954). After extraction of 
gelatin an insoluble protein residue, which is clearly 
a contaminant of the original collagen, remains. 

This theoretical picture of the collagen—gelatin 
conversion does not indicate any changes in amino 
acid composition except those resulting from 
removal of impurities. In assuming the amino acid 
composition of a gelatin as representative of a 
purified collagen, amide-nitrogen content should 
clearly be determined on native collagen, and 
ornithine present in gelatin which has been sub- 
jected to alkaline pretreatment should be inter- 
preted as an equivalent proportion of arginine. 


Composition of serially extracted gelatin 


Differences in amino acid composition of gelatin 
extracted in the first and third liquors from limed 
ox hide did not greatly exceed the experimental 
error of the method (Table 2). The average mole- 
cular weights of these were identical as judged 
from the viscosity data (Table 1), although the 
molecular-weight distributions could be expected 
to be different (Stainsby, private communication) ; 
but the mechanical rigidity of gels of the same 
concentration, matured under identical conditions, 
were markedly different, as indicated by the Bloom 
jelly strength value, which is an arbitrary measure 
of gel rigidity. Unexplained anomalies of this type 
often occur in successively extracted gelatin 


samples. It is possible that, though there are no 
large differences in amino acid composition, there 
may be an overall difference in sequence with 
respect to the ends of the polypeptide chains 
resulting from a shift in the site of bond-breaking. 
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Composition of a purified gelatin 

Ox-hide gelatins I and II, prepared from 
different batches of hide, do not differ markedly in 
composition. Gelatin II was purified by a process 
designed to remove (1) high- and low-viscosity 
fractions known to have abnormally low nitrogen 
contents and slight brown colours, (2) small ions 
and certain neutral molecules, e.g. glucose (Eastoe, 
unpublished work), absorbed on a mixture of 
strongly acid and strongly basic resins. After 
purification, only a slight change in the amino acid 
composition, of the same order as the experimental 
error, was observed, indicating a further slight 
trend, in the direction already described, on passing 
from collagen to gelatin. 

The mean value for five to six determinations of 
the amino acid composition of ox-hide gelatin has 
been calculated (Tables 2 and 3) by ignoring 
differences in raw material, extraction, time of 
hydrolysis and purification treatment, all of which 
were small. 


Comparison with previous results 


The mean values, obtained in the present study, 
for the amino acid composition of ox-hide gelatin 
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values which have appeared more recently than the 
earlier summary of Bowes & Kenten (1947). The 
values for ox-hide collagen compiled by Tristram 
(1953) are also included. 

Agreement between the various methods is good 
both in the amino acid composition as a whole and 
in many of the individual values. The most marked 
discrepancies between the present values and 
previous ones occur for alanine and serine. The 
present value for alanine exceeds that of Tristram 
(1946) by 18% and those of Neuman (1949) by 
24%. It is unlikely that all the present series of 
determinations are in error by such a large amount 
unless an unknown ninhydrin-positive substance 
coincides almost exactly with the alanine peak, 
which shows no abnormality in shape. A similar 
comment holds for serine, where the present value 
exceeds by some 32 % that of Rees (1946), who used 
periodate oxidation. The present values are in good 
agreement with those of Bowes (private communi- 
cation) for ox-hide collagen, obtained by using 
ion-exchange chromatography. 

The tyrosine content of different gelatins varies 
a great deal. The present results, which indicate a 
distinctly lower tyrosine content for gelatin than for 
collagen preparations, are lower than most of the 


literature values, but are in good agreement with 


are compared in Table 5 with those published 


Table 5. Comparison of the mean of present values for the amino acid composition of ox-hide gelatin 
with recent literature values 





Values are expressed as g. of amino acid/100 g. of protein. 
Graham, 

ais ( Waitkoff Robson 

Present Tristram Tristram Neuman Neuman & Hiers & Selim } 

| study (1953)* (1953)* (1949) (1949) (1949) (1953) 
Calf- ‘Difco 

Material Ox-hide Ox-hide skin Bacto’ Pig-skin ‘Coignet’ 

gelatin Gelatin collagen gelatin gelatin gelatin gelatin 
picieibet eiglieas { Resin chro- Various Various Microbio- Microbio- Microbio- Various | 
A ? | matography chemical chemical logical logical logical chemical 
Alanine 11-0 9-3 9-5 8-7 8-6 — — 
Glycine 27°5 26-9 27-2 26-9 25:7 -— — \ 
Valine 2-59 33 3-4 2-6 2-8 2-5 — 
Leucine 3°33 3-4) 5-6 3-1 3-1 3-2 — | 
Isoleucine 1-72 1-8} 1-9 1-5 1-4 — | 
Proline 16-35 14:8 15-1 14-0 16:3 18-0 — 
Phenylalanine 2-23 2-55 2-5 1-9 2°3 2-2 — 
Tyrosine 0-29 1-0 1-0 0-14 0-91 0-44 _ 
Serine 4-21 3-18 3-37 2-9 3-2 — —_ 
Threonine 2-22 2-2 2-28 2-2 2-0 1-9 _- 
Cystine Trace 0-0 0-0 0-05 0-09 0-07 — 
Methionine 0-89 0-9 0:8 0°85 0-92 1-0 — 
Arginine 8-8 8-55 8-59 6-4 8-3 8-0 8-6 
Histidine 0-78 0-73 0-74 0-63 0-85 0-79 0-69 
Lysine 4-50 4-60 4:47 5-2 5-2 4-1 4-33 
Aspartic acid 6-7 6-7 6-3 6-9 6-4 6-7 _— 
Glutamic acid 11-4 11-2 11-3 12-1 11-5 11-5 —- 
Hydroxyproline 14-1 14-5 14-0 14-47 13-6f —_ _— 
Hydroxylysine 0-97 1-2 1-1 — — _— 0-92 


* Based mainly on Macpherson (1946) for basic amino acids, Rees (1946) for serine and threonine, Tristram (1946) for 
alanine, valine, leucines, proline, phenylalanine and tyrosine, and Bowes & Kenten (1948) for methionine and acidic amino 
acids, with later revisions. 

+ Neuman & Logan (1950). 
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determinations on the same samples made in this 
Laboratory (Kenchington, private communication) 
by the colorimetric method of Udenfriend & 
Cooper (1952). Harkness et al. (1954) found that 
the tyrosine contents of the various collagenous 
components of skin differ appreciably from one 
another; gelatin prepared from insoluble collagen 
contained more tyrosine than either alkali- or acid- 
soluble collagen. Fractionation of this gelatin by 
precipitation with trichloroacetic acid, however, 
reduced the tyrosine content from 1 to 05%. A 
corresponding reduction from 0-29 to 0-18% for 
ox-hide gelatin, after fractionation with ethanol, 
was found in the present study. This last value for 
tyrosine is close to that of 0-14% recorded by 
Neuman (1949) for a carefully purified calf-skin 
gelatin made by Eastman Kodak Ltd. It is possible 
that the main protein constituent of gelatin and 
collagen contains no tryosine, but the question 
cannot yet be regarded as settled. 

The present values for valine are in agreement 
with those obtained by microbiological methods 
(Table 5), but are significantly lower than those 
obtained by Tristram (1946). The proline values 
obtained in this study are somewhat higher than 
those of Tristram (1946). The sample of proline 
used for the present calibration gave a 4% higher 
intensity of colour than that reported by Moore & 
Stein (1951) and was therefore considered to be 
substantially pure. The values for lysine in gelatin 
reported by Tristram (1953) may possibly be 
augmented by the presence of a small amount of 
ornithine, as is the present value. The high values 
reported by Neuman (1949) may result from the 
inability of the microbiological method to distin- 
guish hydroxylysine from lysine. The present values 
for hydroxylysine in gelatin are slightly lower than 
most of those in the literature, obtained by chemical 
methods (Ramachandran, 1953). 


Reticulin 


Human renal reticulin, which contained myristic 
acid, carbohydrates and inorganic matter (Windrum 
et al. 1955), was hydrolysed without preliminary 
separation of the protein. The general picture of the 
amino acid composition of reticulin is quite similar 
to that of collagen; there are, however, some 
notable differences. The low values for alanine, 
glycine and proline, together with the high values 
for the leucines, phenylalanine and methionine, 
suggest that reticulin contains collagen accom- 
panied by other proteins in smaller amounts. This 
is contradicted, however, by high values for 
hydroxyproline, hydroxylysine, serine and threo- 
nine. Examination of reticulin prepared from 
other sites in the body appears to be necessary for 
a full appraisal of its range of chemical com- 
position. 
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Variation of collagen composition 
in mammals 


The mammalian gelatins and collagens form a 
compact group as regards their amino acid com- 
position. The placental land mammals man, ox 
and pig show few differences in composition, 
except for the low value for isoleucine in pig-skin 
gelatin. 

The whale, on the other hand, shows striking 
increases in the hydroxyamino acids serine and 
threonine, compared with the land mammals. 
Even higher levels of these two amino acids are 
found in fish collagens (Neuman, 1949; Gustavson, 
1955), combined with decreased levels of hydroxy- 
proline and proline. Whales, which are descendants 
of land mammals, have probably lived in the sea 
since Eocene times or earlier (Young, 1950). The 
high content of hydroxyamino acids in whale 
collagen may perhaps therefore be attributed to the 
long-term effect of a marine diet. 

The wallaby also differs from the other land 
mammals in having increased levels of serine and 
threonine. The effect is only slight compared with 
the whale, but may be of evolutionary significance, 
since the wallaby belongs to the marsupials, a 
group which has been separated from the placentals 
for a long period. 

Achilles tendon is not a satisfactory material for 
the preparation of human collagen that is suffi- 
ciently pure for determinations of amino acid 
composition. It appears to contain substances 
which render it difficult to convert into gelatin. The 
strong acid extraction finally employed evidently 
dissolved considerable quantities of non-nitro- 
genous constituents, shown by the low recovery of 
material by weight, despite the complete recovery 
of nitrogen (Table 2). The increased hydroxylysine 
content and correspondingly diminished lysine 
value of this material is difficult to explain. The 
same effect is shown, but to a smaller degree, in 
wallaby tendon. 

The specialized variations in composition of 
collagen from widely different mammalian species, 
superimposed on an otherwise fixed composition, 
suggests that, although collagen is built up accord- 
ing to a definite pattern, its structure is not 
absolutely fixed and amino acids in certain posi- 
tions may be replaceable within limits by 
others. 

Examination of the amino acid composition of 
collagen from a much wider range of animals may 
indicate that a proportion of the residues form an 
invariable framework throughout the series. Such 
information might be an important guide to the 
interpretation of X-ray-diffraction data and thus 
assist in resolving the complete picture of collagen 
structure. 
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SUMMARY 


1. The amino acid composition of collagen or 
gelatin from five species of mammals (man, ox, pig, 
whale and wallaby) has been determined by ion- 
exchange chromatography. 

2. The results obtained for ox-hide gelatin are in 
good agreement with previously published values, 
except for alanine and serine. 

3. The composition of gelatin is closely similar 
to that of the collagen preparations, suggesting 
that gelatin is represeritative of the main protein 
constituent of collagenous tissues in amino acid 
composition. 

4. The collagen of the land placentals studied did 
not show any marked variation between species. 
The content of serine and threonine in whale 
gelatin exceeded that in land mammals, but was 
not so high as that from other classes of marine 
vertebrates. Wallaby collagen also contained very 
slightly higher amounts of serine and threonine 
than the other land mammals. 

5. There were no significant differences in amino 
acid composition between two gelatins, serially 
extracted from limed ox hide. These gelatins 
differed in rigidity properties, although viscosity 
measurements indicated that they had the same 
average molecular weight. 

6. Gelatin contained less tyrosine than the 
collagenous precursors. Fractionation of gelatin 
with ethanol to remove impurities led to a further 
reduction in tyrosine content. It has not yet been 
proved that tyrosine is a true constituent of gelatin. 


The author is very grateful to Dr G. M. Windrum of the 
Department of Pathology, Radcliffe Infirmary, Oxford, for 
providing the samples of human material; to Professor S. 
Kikuchi of Tokio, Japan, for a sample of whale-skin 
gelatin, to Dr S. M. Partridge of the Low Temperature 
Research Station, Cambridge, for a sample of chromato- 
graphically purified hydroxyproline, and to the Superin- 
tendent of the Zoological Society of London’s Park, 
Whipsnade, Bedfordshire, for obtaining the wallaby 
material used in this study. This paper is published by 
permission of the Director and Council of The British 
Gelatine and Glue Research Association. 
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APPENDIX 


Notes on the Determination of Amino Acids by Ion-exchange Chromatography 


By J. E. EASTOE 
The British Gelatine and Glue Research Association, 2a, Dalmeny Avenue, London, N. 7 


(Received 29 April 1955) 


Moore & Stein (1951) introduced a method for the 
quantitative determination of amino acids by 
separation on Dowex 50 columns, eluted with buffer 
solutions, followed by analysis of the eluent frac- 
tions with a colorimetric ninhydrin method (Moore 
& Stein, 1948). Certain details of their procedure 
were slightly modified in the present investigation 
as described below. 


Materials 


Dowex 50. The resin, kindly supplied by Dow Chemical 
International Ltd., Midland, Michigan, U.S.A., was stated 
to be of nominal 12% cross-linking and 200-400 mesh. 

Sodium phosphate buffer pH 6-8, 0-1m. This buffer was 
adjusted to pH 6-75 in order to delay slightly the emergence 
of the histidine peak. At the lower pH, histidine emerges 
separated from and almost mid-way between hydroxy- 
lysine and lysine on the 15 cm. column. 

Thymol. The concentration of thymol incorporated in the 
buffer solutions was controlled at 0-25 g./l. Solutions kept 
for two years at room temperature showed no signs of 
mould growth. Thymol did not significantly alter the pH of 
the solutions but markedly affected the surface tension, 
even when detergent was present. 

BRIJ 35. A 33% (w/w) solution of BRIJ 35 (Honeywill 
and Stein Ltd., 21 St James’s Square, London, S.W. 1) was 
freshly prepared each week, as some samples of detergent 
were contaminated with mould spores. 

Thiodiglycol. Technical-grade thiodiglycol (L. Light and 
Co. Ltd., Colnbrook, Bucks.) was freed from an impurity 
which gave a yellow colour with ninhydrin by the method 
described previously (Eastoe & Eastoe, 1954). 

Ethylene glycol monomethyl ether. ‘Methyl oxitol’ 
(Honeywill and Stein Ltd.) was redistilled to remove 
ninhydrin-positive impurities. To minimize risk of explo- 
sion due to decomposition of peroxides, 10 ml. of a solution 
of 30 g. of FeSO,,7H,O and 3 ml. of H,SO, in 55 ml. of 
H,O were added per litre before distillation and the final 
10% of the solvent was left undistilled and discarded. 

Ninhydrin. Ordinary-grade ninhydrin (British Drug 
Houses Ltd.) was purified in 87% yield by the method of 
Moore & Stein (1948). The ninhydrin-stannous chloride 
reagent was prepared freshly each week, since the reagent, 
which was stored in the dark under nitrogen, showed signs 
of change after 2 weeks in hot weather. No significant 
change in the colour intensity produced on heating with 
amino acids could be observed during the first week after 
preparation. 

Diluent solution. Equal volumes of water and absolute 
ethanol were mixed (Moore & Stein, 1954). 

Fraction collector. The fraction collector used in this 
study was built in the laboratory and worked on the drop- 


counting principle, a fixed number of drops (20) being 
collected in each fraction after the operation of a capacity 
switch, thyratron relay and electromagnetic counter. 


Operation of the columns 


The elution was started with citrate buffer (pH 3-42) and 
a temperature of 37-5°, as used by Moore & Stein (1951). 
At the beginning of the emergence of the valine peak, the 
buffer was changed to one of pH 4-25 and the temperature 
raised to 60°, where it was maintained until after the 
emergence of phenylalanine, when the chromatogram was 
terminated. This procedure was preferred to the one of 
Moore & Stein (1951), where the temperature was raised 
first to 50° at the buffer change and finally to 75° immedi- 
ately after the emergence of isoleucine. This latter occurred 
during the night, since the chromatograms were normally 
started during the morning and was therefore inconvenient. 
The intermediate temperature enabled a similar separation 
of tyrosine and phenylalanine to that of the original 
sequence to be achieved, without spoiling the separation of 
isoleucine and leucine. Basic amino acids were removed 
from the column with 100 ml. of 0-2N-NaOH. The chro- 
matogram was run at 4-5 ml./hr. for approximately 48 hr. 
before the buffer was changed and the temperature in- 
creased. The chromatogram was completed in a further 
30 hr. at a somewhat greater rate of flow at the higher 
temperature. Columns have been in use for 18 months 
without need for repacking. The flow rate for a given head 
decreased as the resin packed down during the first few 
chromatograms and then remained constant. 

The 15 em. x 0-9 em. columns were eluted as described by 
Moore & Stein (1951), except that the first buffer change 
was made at fraction 25 instead of fraction 20, in order to 
avoid a sharp rise in the ninhydrin blank when the phos- 
phate buffer emerged. The slight lowering of the pH of the 
phosphate buffer to separate histidine from hydroxylysine 
has been mentioned above. 


Analysis of the fractions 


The optical densities of the coloured solutions were 
measured in optical cells with a Uvispek spectrophoto- 
meter at 570 mp. Since linear readings were obtainable up 
to an optical density of at least 1-5, it was possible to 
measure all fractions, except those at the top of the glycine 
peak, with only 5 ml. of diluent solution. All fractions were 
measured against water and the appropriate blank values 
subtracted later. 


Effect of variations in technique on the colour intensity 


The rate of fading of the cold diluted solutions was found 
to be approximately 14-2%/hr. and took place from the 
beginning. Moore & Stein (1948) found no fading within the 
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first hour after cooling, followed by fading at 1% per hr. 
The present experiments were made in the absence of 
thiodiglycol, and this may account for the different results. 
The rate of fading was slightly increased for quantities of 
amino acid below 0-05 umole. 

The temperature of the coloured solution at which the 
optical density was measured was found to affect the 
reading. There was a 2% decrease in colour for a 10° rise in 
temperature, the effect being reversible. This emphasized 
the need for a standardized and sufficiently long period of 
cooling before dilution. 





Calculation of tyrosine content 


The tyrosine and phenylalanine peaks showed a 
considerable overlap, which made the estimation of 
tyrosine difficult, especially where only a small 
quantity was present. Since the overlap extended 
as far as the top of the tyrosine peak, the method of 
calculation of Stein & Moore (1948) was inapplic- 
able, as it gave erroneously high values for tyrosine, 
the height of the peak being augmented by the toe 
of the phenylalanine peak. 

It was found that a reasonably good fit of all 
except the most asymmetrical amino acid peaks 
was given by the equation 

y= A(1+ Ba?) e*", 


where the fraction number zx is zero when y, the 
optical density, is a maximum, and A, B, C are 
constants (Ward, private communication). A is 
equal to the maximum value of y, since x= 0. This 
equation was applied to the phenylalanine peak 
and the values of the constants were calculated by 
inserting experimental values of y for two points 
+ on either side of the summit, as far away from 
the top as was judged to be safe from the point of 
view of overlap with the tail of the tyrosine peak. 
The shape of the toe of the phenylalanine peak was 
then calculated by inserting suitable values of x in 
the equation, and hence, by difference from the 
experimental data, the points on the tyrosine peak. 
This method gave two peaks similar in shape to 
those of the isolated peaks for other amino acids, 
the tyrosine peak being nearly symmetrical, but it 
was considered too tedious for routine application. 

An empirical method was developed by selecting 
points close to the first maximum or second point 
of inflexion of the experimental curve (assuming 
them to be the maxima of the tyrosine peak) and 
constructing the falling portion of the tyrosine peak 
(assuming that it is symmetrical and that the over- 


J. E. EASTOE 


1955 


lap of phenylalanine was negligible before the 
selected maximum). From each of the several 
tyrosine peaks plotted, the shape of the toe of the 
phenylalanine curve was calculated by difference. 
The shape nearest to that usually obtained experi- 
mentally for other peaks was readily selected and 
the corresponding values for tyrosine and phenyl- 
alanine were calculated. The results were in good 
agreement with those deduced by application of the 
equation for the peak. 


SUMMARY 


1. A temperature of 60° is employed throughout 
the elution of the 100 cm. Dowex 50 column with 
sodium citrate buffer (pH 4:25), instead of a 
change from 50 to 75° after the emergence of 
isoleucine. 

2. The 0-1m sodium phosphate buffer used to 
elute the 15cm. Dowex 50 column was reduced 
from pH 6-80 to 6-75 to separate histidine from 
both hydroxylysine and lysine. 

3. The optical density of the coloured solutions 
was measured in optical cells instead of in test 
tubes. This enabled a sensitive spectrophotometer 
having a linear scale up to at least 1-5 optical 
density units to be used, leading to increased 
accuracy and convenience in avoiding frequent 
dilution of samples. 

4, An empirical method for calculating tyrosine 
values is described which is applicable when there is 
considerable overlap by phenylalanine and only a 
small quantity of tyrosine present. 


The author is greatly indebted to Dr S. M. Partridge and 
Mr D. F. Elsden of the Low Temperature Research Station, 
Cambridge, for advice on the construction of fraction 
collectors and many practical details of resin chromato- 
graphy. He would also like to thank Mr J. Angus of The 
British Gelatine and Glue Research Association for con- 
structing the fraction collector. This paper is published by 
permission of the Director and Council of The British 
Gelatine and Glue Research Association. 
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The trans-Unsaturated Acid Contents of Fats 
of Ruminants and Non-ruminants 


By L. HARTMAN anp F. B. SHORLAND 
Fats Research Laboratory 


anD I. R. C. McDONALD 
Dominion Laboratory, Department of Scientific and Industrial Research, Wellington, New Zealand 


(Received 7 April 1955) 


The discovery by Bertram (1928) of vaccenic 
(trans-octadec-1l-enoic) acid in ox-, sheep- and 
butter-fat has been confirmed by other investi- 
gators (Grossfeld & Simmer, 1930; Geyer, Nath, 
Barki, Elvehjem & Hart, 1947), who also found 
traces of this acid in lard. In addition, Gupta, 
Hilditch, Paul & Shrivastava (1950) showed that 
trans-octadec-10-enoic acid was also present in the 
depot and milk fats of oxen and sheep. 

More recently, by use of infrared absorption 
techniques, Swern, Knight & Eddy (1952) found 
that beef fat contained not traces, but 5-10% of 
trans-acids consisting of both elaidic (octadec-9- 
enoic) and vaccenic acids, and Cornwall, Backderf, 
Wilson & Brown (1953) showed that similar 
quantities of trans-acids were present in butter-fat 
mainly as monoene, but also as diene and possibly 
triene acids. 

To account for the presence of trans-acids in the 
depot fats of oxen, Swern et al. (1952) suggested 
that they may have been produced endogenously 
from cis-monoethenoid acids, such as oleic acid, by 
the action of oxidases. However, oxidases occur 
also in non-ruminants (Bergstré6m & Holman, 
1948), but only ruminants deposit substantial 
amounts of trans-acids, as shown by Hartman, 
Shorland & McDonald (1954). Furthermore, recent 
work (Khan, Tolberg, Wheeler & Lundberg, 1954) 
has thrown some doubt on the feasibility of an 
oxidation mechanism by which a cis-unsaturated 
acid can attain a trans configuration without being 
converted into a hydroperoxide. The conversion of 
a hydroperoxido-unsaturated fatty acid into an 
unsaturated fatty acid would require additional 
changes for which no analogy can be found in the 
autoxidation processes hitherto studied. On the 
other hand, Reiser (1951) demonstrated that 
rumen contents can hydrogenate linseed oil, and 
this led Hartman e¢ al. (1954) to the hypothesis that 
trans-acids might be formed as a result of hydro- 
genation, which is known to induce trans-isomeriza- 
tion of fatty acids (cf. Markley, 1947). In con- 
formity with the hypothesis that trans-acids of 


ruminant fats arise from hydrogenation of the 
dietary unsaturated fatty acids in the rumen, it 
was found that whereas pasture lipids contained 
only small amounts of trans-acids, these acids were 
present to the extent of 9 % in the fatty acids from 
the rumen contents of pasture-fed sheep. 


METHODS 


The fats used in this work were generally prepared by 
steam rendering of the fatty tissues. For small samples 
and muscle tissues the finely sliced material was dropped 
into about 10 vol. of boiling 95% ethanol and refluxed for 
$hr. After removal of the solvent and drying in vacuo at 
100° the fat was extracted in a Soxhlet apparatus with light 
petroleum (b.p. 40-60°). 

The analysis of the trans-acids was performed on the 
fatty acids prepared as described by Hilditch (1947). The 
procedure outlined by Hilditch to remove unsaponifiable 
matter was also applied to the lipids from the pasture and 
rumen contents which contained chlorophyll as well as 
substantial amounts of unsaponifiable matter. 

The method of estimating the trans-acid contents (shown 
in Table 1) was based on the infrared absorption of the 
trans double bond (cf. Shreve, Heether, Knight & Swern, 
1950), and the instrument used was a Perkin-Elmer 
model 21 infrared spectrophotometer (NaCl optics) with 
1 mm. cells. The instrumental settings were: gain 8 to 84, 
response 4/4, slit 180 (manual), with a scanning speed of 
60 min./100 cm.—1. The specific extinction coefficient k of 
the trans double bond at 965 cm.—! was calculated from the 
extinction coefficients H [logy (7'999/7's¢5)], determined from 
the transmission graphs (spectral region, 990-950 cm.—") of 
mixtures of varying proportions of stearic acid and elaidic 
acid in carbon disulphide (concentration 5%, w/v) com- 
pensated with 5% (w/v) stearic acid solution (McDonald, 
1954). The mean value obtained for k was 0-473 (range 
+0-02), in good agreement with that calculated from the 
corresponding figure reported by Ahlers, Brett & McTaggart 
(1953), namely 0-477. By use of the determined value of k, 
the trans-acid contents of unknown samples (expressed as 
wt. % of elaidic acid) were calculated from the transmission 
graphs of 5% (w/v) solutions of the sample, compensated 
as before with stearic acid. 

In certain samples the amounts of diene and triene acids 
were determined by the procedure of Brice, Swain, Herb, 
Nichols & Riemenschneider (1952). 
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RESULTS AND DISCUSSION 


From Table 1 it can be seen that there are wide 
differences in the iodine values of the fats examined, 
even where the dietary fat (pasture fat) is similar, 
and that there is some connexion between these 
values and the contents of trans-acids. From 
pasture-fed animals fats with highest iodine values 
(91-6—-144-7) show no detectable amounts of trans- 
acids, those intermediate in iodine value (73-2— 
76-6) have the highest trans-acid contents (18-1-— 
19-2%), and those with lowest iodine values 
(30-8—40-7) contain 3-5-9-6 % of trans-acids. It has 
been pointed out elsewhere (Shorland, 1953) that 
pasture fatty acids consist mainly (60-70%) of 
linolenic acid (iodine value 274-1), and that whereas 
the fats of pasture-fed ruminants are of relatively 
low iodine value (30-50) and contain only traces of 
this constituent, pasture-fed non-ruminants, such 
as horses and rabbits, deposit fats of relatively high 
iodine value (90-150) containing considerable 
amounts (16-42 %) of linolenic acid. 


DIETARY FAT IN THE RUMEN 
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fat has been found (Shorland, 1953) to correspond 
closely to that of rye-grass (Table 2) and there is 
some evidence that leaf fats in general have a some- 
what similar fatty acid composition (cf. Hilditch, 
1947). Whereas in pasture-fed horses and rabbits 
the C,, triene and diene acids are deposited in 
approximately the same ratio as in the diet (triene, 
diene, 5-4), in the depot fats of the ruminants studied, 
and in the wallaby, this ratio is shown to be con- 
siderably modified (triene/diene, 0-43-1-18). The 
dietary fat of the quokka differed from that of the 
other animals studied in containing greater pro- 
portions of diene than of triene acids (triene/diene, 
0-19) and this ratio was not greatly modified 
(triene/diene, 0-29) in the depot fat. 

The highest percentages of trans-acids were 
found in the fats of the quokka (21-:0%) and the 
wallaby (18-1—-19-2%). In contrast with these two 
marsupials, the remaining marsupial studied, the 
opossum, did not contain any detectable amount 
of trans-acids in its depot fat; nor did any of the 
other non-ruminants examined, except the pig. 





Table 2. The contents of di- and tri-unsaturated acids in animal fats as compared 
with those present in the diet 
Values expressed as % (w/w) of total fatty acids. 
Conjugated Non-conjugated 
Species Fat “Diene Triene Diene Triene Reference 


Pasture-fed animals and diet 
0-95 0-08 


tS 
= 
bo 


Rye-grass (Loliwm perenne) Glycerides 10-65 = 62-7: Shorland (1953) 


* Less than 0-2 % of trans-acids.’ 





| (a)} Miscellaneous Non-ruminants 
Wild rabbit Abdominal 0-7 0-1 7-2 42-3 Shorland (1953) 
Horse Total fatty tissues 1-0 Trace 3-3 16-1 Shorland e¢ al. (1952) 
(b) Marsupials 
Wallaby Perinephric 3°76 0-23 2-85 4-18 - 
Wallaby Perinephric 3-26 0-13 3-00 3-90 ~— 
Ruminants 
Sambur Stomach mesentery 0-57 0-04 1-07 1-89 = 
Fallow deer Perinephric Trace Trace 1-1 1-0 Shorland (1953) 
Ox Intermuscular 0-5 Trace 0-2 0-3 Shorland (unpublished 
Sheep External tissue 0-54 0-18 0-48 0-79 work) 
Animals fed on special diets 
Quokka Perinephric 2-9 0-37 6-37 2-08 — 
Diet of quokka Extracted fat 2-23 0-23 29-47 5-92 — 
Opossum* Perinephric 0-20 0-03 9-94 9-32 — 
* Diet not known with certainty, but includes leaf material whose fat probably resembles that of pasture. 
The relatively high iodine values (73-2-86-1) of |The trans-acids found in small proportion (0-9%) 
the fats of the marsupials examined suggested that _in this animal could be attributed to the trans-acids 
these animals also deposit appreciable amounts of in the residual butter-fat of the skim-milk diet. 


Without exception the fats of all ruminants so far 
examined contained substantial amounts (3-5— 
11-1 %) of trans-acids. 

In determining the origin of ¢rans-acids in 
animal fats it is obviously important to know the 


; the highly unsaturated acids of the diet, and this 
was confirmed by the results shown in Table 2. 
The diet of the wallabies used in this work con- 
sisted mainly of pasture supplemented with tree 
foliage. The fatty acid composition of the pasture 
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amounts of these acids in the diet. Examination of 
pasture and forage plants, including rye-grass, 
clover and rape, showed that the fatty acids, which 
form 2-3 % of the moisture-free tissues, contained 
from 0-6 to 2-2 % of trans-acids, and in the small 
amount of fat (4-6 % of the dry weight) present in 
the diet of the quokka no trans-acids were detected. 
It appears, therefore, that the trans-acids in the 
fats of ruminants and of the two marsupials 
examined (Table 1) arise mainly from some trans- 
formation within the -animal subsequent to or 
during digestion. An examination of the lipids 
extracted from fresh rumen contents of pasture-fed 
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They established that the lower fatty acids pro- 
duced in the upper stomach were almost completely 
absorbed by the time the ingesta reached the 
fundus. In view of the similarity between the 
digestive processes of sheep and of the quokka, the 
presence of trans-acids in the depot fat of the 
quokka (Table 1) is therefore not unexpected. The } 
high content of trans-acids in the perinephric fat of 





the wallaby might be similarly explained. On the 
other hand, trans-acids were not found in the depot 
fat of the opossum. The reason for this is uncertain, 
but whereas the quokka and the wallaby can deal 
with fibrous material, the opossum lives more on 








sheep (Table 3) showed that the trans-acids formed _ foliage and fruit and may not therefore possess a | 

a considerable part (8-3—10-5 %) of the total fatty ruminant-like digestion. 
° . . . ° Vv 
acids. The small amounts of diene and triene acids in > 
Table 3. trans-Acids present in the fatty acids of sheep-rumen contents t 
Lipids d 
r 

Approx. vol. trans-Acids 
Date No. of of fluid Unsaponifiable Fatty acids in fatty acids 

collected sheep (ml.) (g.) (g.) (%; w/w) u 
29. i. 54 3 2000 4-09 8-12 10-5 tl 
14. iv. 54 7 9000 11-88 21-92 8-3 b 
The presence of such high proportions of trans- the fats of ruminants, as compared with those of | ; 
acids in the rumen contents as compared with those the quokka and the wallaby (Table 2), suggest that | ; 
of the dietary fat is in agreement with the earlier the hydrogenation processes are more extensive in | {I 
suggestion of Hartman e¢ al. (1954) that the rumen ruminants than in these animals. It is conceivable | D 


is the site of formation of the trans-acids in 
ruminants. Referring to this work, Garton & 
Oxford (1955) have suggested that rumen bacteria 
might contain trans-acids. This is quite possible, 
but in view of the small quantities of bacterial 
lipids isolated by Garton & Oxford [0-04—0-09 g. of 
lipids (iodine value 23-8)/l. of ramen contents] as 
compared with the amounts of trans-acids reported 
in the present paper (0-2-0-4 g. of trans-acids/l. of 
rumen contents) most of these acids seem to be 
extraneous to bacteria, although strict comparison 
between the two experiments is not advisable be- 
cause of the different diets. This is confirmed by our 
further experiments (Shorland, Weenink & Johns, 
unpublished work), in which linolenic acid incu- 
bated with filtered rumen fluid (low in fat content 
and free of trans-acids) was effectively hydrogenated 
with the formation of 15 % of trans-acids. 

The occurrence of trans-acids in the depot fats of 
certain marsupials (Table 1) might appear not to 
conform to the hypothesis just mentioned. How- 
ever, recent investigations by Moir, Somers, 
Sharman & Waring (1954) have established that 
the macropod marsupial, the quokka (Sentonix 
brachyurus) (and possibly other marsupials) 
possesses a ruminant-like digestion, the stomach 
contents containing a rich microbial population 
similar to but rather simpler than those of sheep. 


ruminants may proceed to a considerable extent as 
far as the saturated acid stage, so that the amounts 
of trans-acids formed would be correspondingly 
less than in the wallaby and the quokka, where the 
polyene acids have not been so completely hydro- 
genated. In ruminant depot fats the proportions of 
polyene acids are small (1-3 %), so that the trans- 
acids must be mainly monoene acids, as suggested 
by the work of Swern et al. (1952). However, a 
faint peak at 985 cm.—! was observed in the peri- 
nephric fats of the ox and the female goat, indi- 
cating the presence of traces of trans-trans- | 
conjugated acids (cf. Jackson, Paschke, Tolberg, 
Boyd & Wheeler, 1952). The occurrence of small 
amounts of polyene trans-acids in butter-fat was 
also reported by Cornwell et al. (1953). No evidence 
was found in the present investigation of peaks at 
982 and 948 cm.-!, which shows the absence of ™ 
cis-trans-conjugated systems. Asmentionedearlier, ha 
there are considerable proportions of diene and | ce; 


that the conversion of diene and triene acids in the pe 


triene acids in the depot fats of the quokka and the | ha 
wallaby, so that the possible occurrence of trans- | de 
trans-unsaturated acids in these fats is not ex- } of 
cluded. hu 


| 
‘ 
| 


In considering the influence of the dietary fat on , 19 
the composition of the depot fats, Shorland (1952) 
has noted that the depot fats of ruminants are not 
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appreciably influenced by the nature of the dietary 
fat. The present work suggests that certain 
marsupials are not unlike ruminants in this respect, 
inasmuch as these animals also modify the dietary 
fat in the alimentary tract by hydrogenation of 
highly unsaturated acids. 


SUMMARY 


1. An examination of the depot fats of ruminants 
showed the presence of substantial amounts (3-5— 
11-2 %) of trans-acids. 

2. The fats of non-ruminants were found to 
contain not more than 0-9 % of trans-acids, apart 
from those of certain marsupials, such as the 
wallaby and the quokka, in which the trans-acid 
contents varied from 18-1 to 21:0 %. 

3. From the available evidence it appears that 
the trans-acids arise mainly from hydrogenation of 
dietary unsaturated acids by bacteria in the 
rumen, or in the rumen-like stomach in marsupials. 


Investigations on the effects of rumen contents on 
unsaturated fatty acids is being continued, and it is hoped 
that the results of the investigations now in progress will 
be published shortly. 

The authors are indebted to Messrs R. I. Kean, T. Riney 
and K. Westerskov of the Wild Life Section of the Internal 
Affairs Department, Wellington, New Zealand, for supply- 
ing samples of fatty tissues from the wild animals used in 
this investigation, and to Dr G. Sharman of the Zoology 
Department, University of Western Australia, for pre- 
paring a kidney-fat sample from the quokka specimens. 
The estimation of diene and triene acids was carried out by 
Mr C. N. Hooker and Mr A. 8. Jessop of the Fats Research 
Laboratory, Wellington, New Zealand. 
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Synthesis of Citrovorum Factor in Rats Given Chloretone 


By V. B. MITBANDER anv A. SREENIVASAN 
Department of Chemical Technology, University of Bombay, India 


(Received 10 May 1955) 


Numerous clinical and experimental observations 
have indicated that ascorbic acid may function in 
certain anaemias (Vilter, 1947). Pernicious anaemia 
has responded to ascorbic acid therapy, and a 
deficiency of ascorbic acid favours the development 
of megaloblastic anaemia in monkeys and in 
human patients (May, Nelson, Lowe & Salmon, 
1950; May, Sundberg & Schaar, 1950). Although 
pteroylglutamic acid does not minimize the need for 
ascorbic acid (Silverman & Mackler, 1951), megalo- 


blastic anaemia of scorbutic monkeys is alleviated 
by pteroylglutamic acid or, in smaller doses, by 
citrovorum factor (N*5-formyltetrahydropteroy]- 
glutamic acid) (May, Sundberg & Schaar, 1950). 
Correction of scurvy with ascorbic acid abolishes 
megaloblastic anaemia without any administration 
of pteroylglutamic acid or citrovorum factor 
(May, Sundberg & Schaar, 1950). Dietary ascorbic 
acid is reported to promote growth in chicks and 
storage of pteroylglutamic acid in their livers 
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(Dietrich, Nichol, Monson & Elvehjem, 1949). 
Urinary excretion of citrovorum factor by rats or 
humans given pteroylglutamic acid increases 2- to 
3-fold on ascorbic acid administration (Welch, 
Nichol, Anker & Boehne, 1951). These findings 
suggest a function for ascorbic acid in the metabolic 
alteration of pteroylglutamic acid. More directly, 
it was demonstrated by Nichol & Welch (1950) that 
ascorbic acid aids in the conversion in vitro of 
pteroylglutamie acid into citrovorum factor by 
liver enzymes. Although the effect of ascorbic acid 
has been attributed to a greater release of bound 
citrovorum factor (Hill & Scott, 1952), the forma- 
tion of citrovorum factor in chick-liver homo- 
genates is apparently aided by ascorbic acid 
(Nichol, 1953). The stimulatory influence of 
ascorbic acid on citrovorum-factor synthesis from 
pteroylglutamic acid has also been observed to 
occur with micro-organisms (Broquist, Kohler, 
Hutchison & Burchenal, 1953; Mitbander & 
Sreenivasan, 1954). 

Chloretone (1:1:1-trichloro-2-methylpropan-2-ol) 
and other narcotics are known to increase the 
biosynthesis of ascorbic acid in the rat (Longe- 
necker, Musulin, Tully & King, 1939; Longenecker, 
Fricke & King, 1940; Smythe & King, 1942); the 
role of chloretone is stimulatory and not due to any 
direct participation in biosynthesis (Jackel, Mos- 
bach, Burns & King, 1950). A concomitant increase 
in glucuronic acid synthesis (Smythe & King, 1942) 
suggested that ascorbic acid elaboration in the 
chloretonized rat is incidental to a step-up in 
detoxication mechanisms, but it is now known that 
glucuronic acid is an intermediate in ascorbic acid 
biosynthesis (Horowitz & King, 1953; Isherwood, 
Chen & Mapson, 1954). Since chloretone stimu- 
lates ascorbic acid excretion in the albino rat as 
well as the in vitro synthesis of ascorbic acid by liver 
tissues (Smythe & King, 1942), it was of interest 
to ascertain whether treatment with the narcotic 
promotes synthesis of citrovorum factor. 

The observations presented here provide further 
evidence of the participation of ascorbic acid in 
citrovorum-factor synthesis in vivo in rats. 





EXPERIMENTAL AND METHODS 


Male rats (inbred Wistar strain), 80-100 g. in weight, were 
maintained on a complete stock diet of the following 
composition (g./100 g. diet): wheat flour 65, casein (vitamin- 
free) 10, wheat bran 4, food yeast 4, arachis oil 8, shark-liver 
oil 2, fish meal 3 and salt mixture (U.S.P. No. 2) 4. Groups 
of four animals, each receiving chloretone with or without 
pteroylglutamic acid, and appropriate controls, were used. 
Chloretone was given orally as a 10% (w/v) solution in 
coconut oil, the dosage being 20 mg./100 g. body wt./day/ 
rat for 4 days. Pteroylglutamic acid (4yg./day/rat) was 
injected intraperitoneally for the four following days. 
Some groups received chloretone or pteroylglutamic acid 


V. B. MITBANDER AND A. SREENIVASAN 


1955 


only, and a control group was maintained on the basal 
stock ration. Urine collections were made with the usual 
precautions during the 24 hr. period preceding death. The 
animals were killed by decapitation on the ninth day after 
grouping, bled and the livers excized and chilled in cracked 
ice. Livers were then homogenized with water, made to 
volume (1:5) and a portion was autolysed at pH 7-6 in an 
equal volume of 0-2m phosphate buffer under toluene for 
20 hr. The autolysed samples were steamed for 15 min., the 
pH was adjusted to 6-8 and the solution made to volume. 
Pteroylglutamic acid and citrovorum-factor activities 
were estimated (Mitbander & Sreenivasan, 1954) in the 
clear supernatants after centrifuging, Streptococcus faecalis 
R and Leuconostoc citrovorum 8081 respectively being used 
as assay organisms; citrovorum-factor activity was 
determined in terms of Leucovorin (Lederle). Turbidity 
readings were taken after 20 hr. in a Klett-Summerson 
photocolorimeter with a 660 mu. filter for both assays. 

Liver ascorbic acid was determined in aliquots of the 
liver homogenates after deproteinizing with trichloroacetic 
acid and according to the procedure of Williams (1951). 
For ascorbic acid estimation in urine, the method based 
on 2:6-dichlorophenol-indophenol titration was followed 
(Evelyn, Malloy & Rosen, 1938). 

Aliquots of the homogenates were used for assays of 
certain oxidase systems known to be influenced by pteroyl- 
glutamic acid and ascorbic acid. Xanthine-oxidase activity 
was determined by the method of Dhungat & Sreenivasan 
(1954). Liver-choline-oxidase and tyrosine-oxidase activi- 
ties were determined by the procedures of Dinning, Keith & 
Day (1949) and Sealock & Goodland (1949) respectively. 
For the determination of xanthine-oxidase and tyrosine- 
oxidase activities, supernatants after centrifuging for 4 hr. 
at 0° against 25000g were used; for choline-oxidase 
activity, the particulate fraction so obtained was resus- 
pended in an appropriate volume of buffer. 

Values reported are the averages for all four animals in 
each group. 


RESULTS AND DISCUSSION 


Chloretone administration results in the expected 
increase in urinary excretion of ascorbic acid as 
well as in a much smaller increase in liver storage. 
Supplementation with pteroylglutamic acid does 
not affect the stimulation of ascorbic acid meta- 
bolism by chloretone. Liver stores of pteroyl- 
glutamic acid in the vitamin-supplemented groups 
are nearly twice those in the control groups, 
chloretone exerting no effect in this respect. How- 
ever, in the chloretonized animal, there is increased 
citrovorum-factor activity in the liver, both in the 
unsupplemented and pteroylglutamic acid supple- 
mented groups (Table 1). 

The administration of chloretone to the animals 
on the basal diet results in a large fall in liver- 
xanthine-oxidase activity (Table 2). Such an 
effect of the narcotic is not observable in the group 
receiving pteroylglutamic acid, which, when given 
alone (group 3), depresses enzyme activity. There 
are conflicting reports relating to the effect of 
pteroylglutamic acid on_liver-xanthine-oxidase 
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activity in vitro and in vivo (cf. Fatterpaker & 
Sreenivasan, 1951). An inhibition of xanthine 
oxidase by ascorbic acid has been reported by 
Feigelson (1952). 

The changes in tyrosine-oxidase activity follow 
the same trend as those for xanthine-oxidase 
activity. Pteroylglutamic acid and ascorbic acid 
have both been implicated in tyrosine oxidation, 
and it has recently been shown that, although the 
influence of pteroylglutamic acid on this system is 
indirect, ascorbic acid functions as a co-factor in 
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(Swendseid, Bethell & Ackerman, 1951). The 
present findings are not in accord with this obser- 
vation. The activities for pteroylglutamic acid were 
assayed by using Strep. faecalis R. Since leucovorin 
is only half as active as pteroylglutamic acid for 
this organism (Weiland, Hutchings & Williams, 
1952), and since invariably Strep. faecalis R 
activity assayed for rat-liver preparations was 
higher (Table 1) than citrovorum-factor activity, 
it would follow that liver contains folic acid as both 
pteroylglutamic acid and citrovorum factor. 


Table 1. In vivo synthesis of citrovorum factor by chloretone-fed rats 


Animals on the laboratory stock diet (see text) were each fed on 20 mg. of chloretone/100 g. body wt./day for 4 days. 
For the next 4 days pteroylglutamic acid (4g./day) was given intraperitoneally. Animals were killed on the ninth day 
after grouping; urine collections were made during the 24 hr. period preceding death. The results are averages for four 
animals in each group +S.£.M. Pteroylglutamic acid, citrovorum factor and ascorbic acid were assayed as described in the 


Experimental section. ’ 3 
Liver concentration of 


(ug./g. dry wt.) 
A 





Urinary ascorbic 








Group acid (mg./100 g. Pteroylglutamic Citrovorum Ascorbic 
no. Diet and treatment body wt./24 hr.) acid factor acid 
1 Basal 0-20 3-70+0-12 1-42+0-16 303 +27 
2 Basal + chloretone 2-06 3-69 + 0-06 2-71+0-10 408+30 
3 Basal + pteroylglutamic acid 0-22 6-78 +.0-18 3-69 + 0-20 316+30 
4 Basal + chloretone + pteroylglutamic acid 2-12 6-88+0-12 4-05+0-08 390+ 21 
Table 2. Effects of chloretone-feeding on certain liver oxidases 
For details see Table 1 and text. Results are averages for four animals in each group+s.E.M. 
Enzyme activity 
Xanthine oxidase (pl. O,/g. dry wt./$ hr.) 
Group (pl. O,/g. , A + 
no. Diet and treatment dry wt./14 hr.) Choline oxidase Tyrosine oxidase 
1 Basal 561412 1791+34 180+21 
2 Basal + chloretone 261+ 9 1526+ 46 20+18 
3 Basal + pteroylglutamic acid 446+18 1964 + 26 165+24 
+ Basal + chloretone + pteroylglutamic acid 461+18 2499+ 29 150+21 


two of the steps of tyrosine oxidation to fumarate 
and acetoacetate (Williams & Sreenivasan, 1953). 
Chloretone also depresses choline-oxidase activity, 
but there is considerable protection by pteroyl- 
glutamic acid, which, when given alone, somewhat 
stimulates choline oxidation (Table 2). 

The relationship of pteroylglutamic acid to 
choline oxidation is apparently more specific than 
to the other two oxidation systems studied here. 
Williams, Sreenivasan, Sung & Elvehjem (1953) 
have shown that there is a close correlation between 
the choline-oxidase activity and folinic acid content 
of rat-liver mitochondria. The changes in activity 
of the oxidase systems when chloretone was fed are 
therefore probably due to a direct effect of the 
narcotic on the general metabolism of the animals 
rather than to increased synthesis of citrovorum 
factor. 

It has been reported that pteroylglutamic acid in 
rat liver is stored largely as citrovorum factor 
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Although intraperitoneal administration of 
pteroylglutamic acid results in increased storage of 
citrovorum factor in the chloretonized animal 
(Table 1), this difference is not as pronounced as 
would be expected from considerations of increased 
ascorbic acid availability. Swendseid e¢ al. (1951) 
have reported that administered pteroylglutamic 
acid is not completely converted into citrovorum 
factor in vivo. It seemed possible that, if the 
samplings for citrovorum-factor assay were done 
on successive days after a single intraperitoneal 
dose of pteroylglutamic acid, the effect of chloretone 
feeding on citrovorum-factor synthesis by the liver 
enzymes would be more clearly demonstrated. 

In the next experiment (Table 3) grouping and 
chloretone feeding of the animals were exactly as 
before. The animals were killed at daily intervals 
for 4 days after the first and only dosage (10 yg./ 
animal) of pteroylglutamic acid, namely between 
the sixth and the ninth day after grouping. Liver 
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after pteroylglutamic acid administration 


For explanation of Table, see Table 1 and text. Animals were killed at daily intervals for 4 days after the administra- 
tion of pteroylglutamic acid (10 ug./animal). Values are the averages for four animals in each group. The citrovorum-factor 
activity of livers from a control group which was kept on the basal stock diet is given in the text. 


Diet and treatment 


Basal + chloretone 
Basal + pteroylglutamic acid 
Basal + chloretone + pteroylglutamic acid 


samples were assayed for citrovorum-factor activity 
and Table 3 gives the average increase in citro- 
vorum-factor activity. The values for citrovorum- 
factor activity of the control group on the basal 
stock diet were 1-08+0-19 and 1-:02+0-17 on the 
first and fourth days of sampling respectively. The 
extent of conversion of pteroylglutamic acid into 
citrovorum factor increases with time after pteroyl- 
glutamic acid administration. The fact that in the 
chloretone-fed groups the values for citrovorum- 
factor activity decrease after 3 days indicates a 
reversal of the effect of chloretone on the synthesis 
of ascorbic acid at this stage. In vitro chloretone 
does not stimulate citrovorum-factor synthesis 
from pteroylglutamic acid in liver slices, homo- 
genates or fractionated enzyme preparations 
(unpublished results). 


SUMMARY 


1. The effect of ascorbic acid on increased 
citrovorum-factor synthesis is shown in vivo with 
chloretonized rats, which elaborate increased 
amounts of ascorbic acid. The observations have 
been extended by a study of the in vivo conversion 
of intraperitoneally administered pteroylglutamic 
acid into citrovorum factor by normal and chlore- 
tonized animals. 

2. From a study of the effect of chloretone 
feeding on liver-choline-oxidase, xanthine-oxidase 
and tyrosine-oxidase activities, it is concluded that 
the direct effects of the narcotic on the animal are 
probably far greater than those attributable to 
increased conversion of pteroylglutamic acid into 
citrovorum factor. 

This work was aided by a grant from the Indian Council 
of Medical Research. Our thanks are due to Lederle 
Laboratories Inc. (New York) for a gift of chemicals. 
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The Metabolism of Pentachloronitrobenzene and 2:3:4:6-Tetrachloro- 
nitrobenzene and the Formation of Mercapturic Acids in the Rabbit 


By J. J. BETTS, SYBIL P. JAMES anp W. V. THORPE 
Department of Physiology, The Medical School, University of Birmingham 


(Received 19 May 1955) 


In the rabbit 2:3:5:6-tetrachloronitrobenzene is 
metabolized by reduction of the nitro group, 
hydroxylation and mercapturic acid formation 
(Bray, Hybs, James & Thorpe, 1953). The last 
reaction is of particular interest since it is accom- 
panied by loss of a nitro group directly attached to 
the benzene ring. Two further examples of this 
type of reaction were encountered when penta- 
chloronitrobenzene and 2:3:4:6-tetrachloronitro- 
benzene were given to rabbits (Betts, James & 
Thorpe, 1953). A more detailed study of the meta- 
bolism of these two compounds is now reported. 
The stability of the nitro group in pentachloro-, the 
tetrachloro- and three trichloro-nitrobenzenes has 
been examined in relation to formation of mer- 
capturic acids from the highly chlorinated nitro- 
benzenes. 


METHODS 


Melting points are uncorrected. 

Materials. Pentachloronitrobenzene, m.p. 146°, was 
supplied by Bayer Agriculture Ltd. and Hickson and 
Welch Lid. and 2:3:5:6-tetrachloronitrobenzene, m.p. 99°, 
by Bayer Agriculture Ltd. 2:3:4:6-Tetrachloronitrobenzene, 
m.p. 41°, was prepared from 2:4:6-trichloroaniline, which 
was converted by a Sandmeyer reaction into 1:2:3:5- 
tetrachlorobenzene; this was nitrated by refluxing for 
0-5 hr. with HNO, (sp.gr. 1-52) to give 2:3:4:6-tetrachloro- 
nitrobenzene. (Details were kindly supplied by Dr M. 
Bird.) The 2:3:6-, 2:4:5- and 2:4:6-trichloronitrobenzenes, 
m.p. 89°, 57° and 69° respectively, were made by the methods 
of Holleman & Haeften (1921). Pentachloroaniline, m.p. 
232°, and 2:3:4:6-tetrachloroaniline, m.p. 88°, were ob- 
tained by reduction of the corresponding nitro compounds 
with Sn and HCl in ethanol. Commercial technical-grade 
pentachlorophenol was recrystallized from carbon tetra- 
chloride several times to m.p. 186-188°. 

Diet and dosage. The rabbits and diet were as previously 
described (Bray, Ryman & Thorpe, 1947). The compounds 
were administered by stomach tube as suspensions in 
water. Pentachloronitrobenzene and pentachlorophenol 
caused considerable anorexia, but with pentachloroaniline 
and 2:3:4:6-tetrachloronitrobenzene this effect was only 
slight. 

Determination of metabolites 
Ethereal sulphate. The method of Folin (1905-6) was 


used, and also the turbidimetric method described by Bray 
& Thorpe (1954). 


Glucuronic acid. A modification (Bray, Humpbhris, 
Thorpe, White & Wood, 1952) of the naphthoresorcinol 
method of Hanson, Mills & Williams (1944) was used. 
Reducing material was determined as described by Bray, 
Neale & Thorpe (1946). 

Mercapturic acid. The iodometric-titration method of 
Stekol (1936) was modified by carrying out the hydrolysis 
in an atmosphere of N, for 1 hr. with n-NaOH for 
the mercapturic acid from 2:3:5:6-tetrachloronitrobenzene 
but 2n-NaOH for the others. Recoveries of N-acetyl- 
S-(2:3:5:6-tetrachlorophenyl)-L-cysteine and N-acetyl-S- 
(2:3:4:6-tetrachlorophenyl)-L-cysteine added to urine were 
98+5 and 77-5+5% respectively, but only 25% of added 
N-acetyl-S-pentachlorophenyl-L-cysteine was recovered by 
this procedure. When pure pentachlorophenylmercapturic 
acid was hydrolysed by 2N-NaOH and the resulting thio- 
phenol oxidized by iodine in acid solution only 29% of the 
theoretical amount of iodine was taken up. That this is due 
to incomplete oxidation of pentachlorothiophenol under 
these conditions was shown by titration of the pure thio- 
phenol, when only 28% of the theoretical amount of 
iodine was consumed. The factor of 4 was therefore used 
in calculating the amount of mercapturic acid formed from 
pentachloronitrobenzene, but values obtained in this way 
cannot be regarded as precise. There was no significant 
difference between the iodine uptake of unhydrolysed 
normal urine and that of unhydrolysed urines containing 
mercapturic acids formed from the polychloronitrobenzenes. 
An alternative method used in some experiments with 
pentachloronitrobenzene was steam distillation of the 
alkali-hydrolysed urine; the pentachlorothiophenol col- 
lected from the distillate was weighed. 

Nitrite. The method of Stieglitz & Palmer (1934) was 
used. The colours were read on a Spekker photoelectric 
absorptiometer with a Chance glass filter O.G. 1 (max. 
transmission at 530 my.). A calibration curve was con- 
structed for each batch of determinations. 

Polychloroanilines. Pentachloroaniline and 2:3:4:6- 
tetrachloroaniline were determined by weighing after 
isolation from the urine by steam distillation. (The solu- 
bility correction for these compounds was negligible.) The 
colours given by these compounds on diazotizing and 
coupling with N-(l-naphthyl)ethylenediamine were too 
feeble for use in a quantitative method. The values de- 
scribed as ‘total polychloroaniline’ in Table 1 were obtained 
by steam distillation of urines which had been treated with 
0-2 vol. of cone. HCl. 

Pentachloronitrobenzene. The 72 hr. faeces were ground 
with water and steam-distilled ; the pentachloronitrobenzene 
was collected from the distillate and weighed. The recovery 
of the compound added to normal faeces was about 90%. 
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RESULTS 


Quantitative experiments 


The average daily excretions of normal metabolites 
were similar to those found previously (e.g. Bray 
et al. 1953). 

The quantitative results from dosed animals are 
recorded in Table 1. The urines were usually 
collected over 72 hr. and analysed daily for meta- 
bolites. The excretion of glucuronic acid usually 
increased after feeding pentachloronitrobenzene 


Table 1. 
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accounted for by the formation of a glucosiduronic 
acid from that part of the dose not otherwise 
accounted for. The nature of this glucuronic acid is 
discussed below. 

The value for the average percentage of the dose 
excreted as ethereal sulphate after feeding penta- 
chloronitrobenzene (2 g.) is somewhat raised by the 
response of one animal, which gave no evidence of 
mercapturic acid formation but which excreted 
additional ethereal sulphate corresponding to 10% 
of the dose. In the other six animals the increases 


Metabolites of some polychloronitrobenzenes excreted in urine by rabbits 


Results are expressed as percentage of the dose, ranges are given in parentheses and the number of experiments as 
superior figures. Urine was collected for 72 hr. with all compounds except 2:3:4:6-tetrachloronitrobenzene (48 hr.). 


Glucosid- Total Total 
Substituted Dose Mercapturic uronic Ethereal polychloro- accounted 
nitrobenzene (g.) Unabsorbed acid acid sulphate aniline for 
Pentachloro- 1 46 5* —- = 14 65 
(27-64) (3-10)!? (7-30)?4 
2 62 14+ Determination 3 12 91 
(49-80)? (0-30) not reliable, (0-10) (4-18)!9 
see text 
3 59 4* -— 08 14 77 
(40-82)8 (2-13)! (7-26)!8 
2:3:5:6-Tetrachloro- 2 61t 14 12} 1t 9t 97 
(8-28) 
2:3:4:6-Tetrachloro- 1 0 37 26§ 0 24 61 
(14-62)8 (10-60) 8 (12-26)1 
2 0 32 27 0 31|| 63 
(9-65) (4-61)8 (25, 34)2 


—- 


For reliability of these iodometric values see text. 


mn 


By isolation of thiophenol after alkaline hydrolysis of urine. 


t Bray et al. (1953) for 1-5 g. dose. 


In view of the uncertainty whether this represents the excretion of glucosiduronic acid or free glucuronic acid (see 


Discussion) this amount has not been included in the total accounted for. 


|| By isolation from pooled urine of three and six rabbits. 


but, in contrast to the findings with other meta- 
bolites, rarely returned to the base-line level in 2 or 
3 days. The amount of glucuronic acid excreted was 
in some cases greater than that which could have 
been formed from that part of the dose not other- 
wise accounted for; in two experiments the 
excretion of glucuronic acid was roughly parallel 
with the increase in excretion of reducing material 
(in unhydrolysed urine); in one animal there was 
no significant increase in glucuronic acid excretion. 
The increased excretion could not therefore be 
attributed wholly to a phenolic glucosiduronic acid 
from pentachloronitrobenzene. 

After 2:3:4:6-tetrachloronitrobenzene had been 
given the increased excretion of glucuronic acid 
ceased after 2 or 3 days and, in those experiments 
in which both determinations were made, corre- 
sponded quantitatively with the increased excre- 
tion of reducing material (in unhydrolysed urine). 
The amounts of glucuronic acid excreted under 
these conditions were not greater than could be 


in excretion of ethereal sulphate were very small. 
At the 3 g. dose level the increase in ethereal sul- 
phate was negligible. Great reliance is not placed 
on values for the increases in ethereal sulphate, 
since in every case pentachloronitrobenzene caused 
pronounced anorexia. The values in Table 1 have, 
perforce, been calculated by using as base-line the 
normal excretion of sulphate before dosing and on 
a normal food intake. On reduced food intake it is 
probable that the true base-line values would be 
lower and, consequently, the extent of increased 
excretion might be greater than that recorded. 


Isolation of metabolites of pentachloronitrobenzene 


Pentachloronitrobenzene from faeces. The solid 
which separated from the steam distillate of 72 hr. 
faeces gave a very feeble diazo reaction, and after 
several recrystallizations from aqueous ethanol 
gave pentachloronitrobenzene, m.p. 141—143°, 
unchanged by admixture with an authentic sample. 
m.p. 146°. Yields are given in Table 1. 
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Pentachloroaniline from urine, The pentachloro- 
aniline formed by rabbits from pentachloronitro- 
benzene is probably present in urine partly as a 
complex. Steam distillation of the neutral or 
slightly alkaline urine gave only part of this base, 
m.p. 232° unchanged by admixture with an 
authentic sample, after recrystallization from 
aqueous acetone. The remainder of the base 
separated and collected on the condenser (fraction 
A) when the urine was boiled under reflux with 
0-2 vol. of cone. HCl. The base was not held as a 
stable chemical compound, since if the urine was 
acidified to pH 1 and then set aside for 2 days all 
the base present passed over on steam distillation. 
The complex did not appear to be an acetyl 
derivative, since exhaustive extraction with ether of 
the urine after the free base had been removed by 
steam distillation gave an extract which did not 
yield the base after treating with HCl. In a typical 
experiment the urine from twelve rabbits, each of 
which had received 2 g. of pentachloronitrobenzene, 
was collected for 3 days. Direct steam distillation 
afforded 0-64 g. of pentachloroaniline and the HCl 
treatment gave a further 1-65g. (Total yield 
10-6 % of the dose.) 

N - Acetyl - 8 - pentachlorophenyl - tu - cysteine. The 
urine from nine rabbits which had each received 
2g. of pentachloronitrobenzene was collected for 
48 hr. and acidified (HCl) to pH 1. The flocculent 
precipitate, which was mainly a mixture of mer- 
capturic acid and pentachloroaniline, was collected 
by centrifuging and washed with water. It was 
extracted with 0-1N-NaOH and the insoluble base 
was removed by centrifuging. The crude mer- 
capturic acid was precipitated by acidifying the 
supernatant and was filtered, dried and extracted 
from inorganic material with ethanol. The addition 
of water to the concentrated ethanolic extract gave 
mercapturic acid still containing a small amount of 
pentachloroaniline. The acid was again dissolved in 
0-1N-NaOH, precipitated from the solution by HCl, 
and repeatedly recrystallized from aqueous ethanol 
to give small white needles of N-acetyl-S-penta- 
chlorophenyl-L-cysteine (55 mg.), m.p. 233°, [«]?8° 
+ 29-2° + 2° in ethanol (c, 0-22). (Found: C, 32-1; 
H, 2-1; N, 3-5; Cl, 42-5; S, 75%; equiv. 418. 
C,,H,O,NCI;S requires C, 32-1; H, 2-0; N, 3-4; Cl, 
43-1; S, 7-8%; equiv. 412.) The mercapturic acid 
(42 mg.) in 10 ml. of 2N-NaOH was boiled under 
reflux in a current of N,. The solution was cooled 
and acidified. The precipitated thiophenol was 
recrystallized from acetone to give needles (7-5 mg.), 
m.p. 232—234°. A second crop (10 mg.), m.p. 231- 
233°, was obtained on the addition of water to the 
mother liquor (total yield 62:5%). Pentachloro- 


thiophenol gave a positive Folin—Ciocalteu reaction. 
(Found: C, 25-8; H, 0-5; Cl, 62-8; S, 10-7. C,HCI,;S 
requires C, 25-5; H, 0-4; Cl, 62-8; S, 11-3 %.) 
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Phenolic metabolite. A syrupy glucosiduronic acid 
fraction was separated by the usual lead-salt 
procedure (Bray et al. 1947) from the 48 hr. urine of 
six rabbits, each dosed with 2 g. of pentachloro- 
nitrobenzene. The syrup, which did not crystallize, 
was refluxed for 2 hr. with N-HCl, when a small 
amount of crystalline material collected on the 
condenser. Recrystallization from aqueous ethanol 
yielded 2 mg., m.p. 180°, mixed m.p. 180—186° with 
pentachlorophenol of m.p. 186—188°. The crystals 
gave an orange colour when treated with fuming 
HNO, as described by Deichmann & Schafer (1942). 
(Pentachlorophenol gives only a very feeble Folin— 
Ciocalteu reaction.) More drastic hydrolysis of the 
glucosiduronic acid fraction with 5N-HCl caused 
extensive decomposition. Other experiments failed 
to reveal pentachlorophenol, although 10 mg. of 
this phenol added to the same volume of urine were 
readily detected. Attempts to separate the phenol 
by chromatography on a cellulose column were also 
unsuccessful. It was concluded that only very 
small amounts of pentachlorophenol were excreted. 
Pentachlorophenol could not be identified in the 
pentachloroaniline fraction A. 


Experiments with pentachloroaniline 


Not more than 75 % of pentachloroaniline given 
to rabbits (dose 1 or 2 g.) was absorbed, and no 
evidence could be obtained for the excretion of a 
mercapturic acid in urine. The precipitate obtained 
on acidification of urine was crude pentachloro- 
aniline and gave no significant sulphur test. The 
iodine consumption of the urine after alkaline 
hydrolysis was no greater than that of normal 
urine. There was no increase in the excretion of 
ethereal sulphate. An increase in glucuronic acid 
excretion was observed in two animals, but in one 
it was accompanied by increased excretion of 
reducing material greater than that corresponding 
to the glucuronic acid. The raised excretion of both 
glucuronic acid and reducing material persisted for 
more than 4 days. In another animal the excretion 
of glucuronic acid after dosage was not significantly 
above normal. No pentachlorophenol could be 
detected in the urines. 


Experiments with pentachlorophenol 


The 72 hr. urine of a rabbit which had received 
1g. of pentachlorophenol was acidified to pH 1 
with HCl. The precipitate which formed on 
standing was collected by centrifuging and dis- 
solved in acetone. On addition of water a precipi- 
tate was obtained which gave negative sulphur and 
nitrogen tests and, after recrystallization from 
aqueous acetone, yielded 310 mg. of pentachloro- 
phenol, m.p. 184-186° unchanged by admixture 
with an authentic sample. Steam distillation of the 
residual urine gave a further 365mg. Since by 
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steam distillation the average recovery of penta- 
chlorophenol added to urine was 72%, these 
yields accounted for 83% of the dose. In another 
experiment with the 72 hr. urine of three rabbits 
each dosed with 0-7 g. of pentachlorophenol, 76% 
was recovered by steam distillation of the urine 
adjusted to pH 1. This amount was not signifi- 
cantly raised by hydrolysis of the urine with 5n-HCl 
before steam distillation, confirming the statement 
of Deichmann, Machle, Kitzmiller & Thomas 
(1942) that pentachlorophenol is not excreted in 
a conjugated form. 





Isolation of metabolites of 
2:3:4:6-tetrachloronitrobenzene 


Examination of faeces. 2:3:4:6-Tetrachloronitro- 
benzene could not be detected in the 72 hr. faeces 
of rabbits which had received 2 g. of the compound, 
although 50 mg. of the compound added to faeces 
was quantitatively recovered. Tetrachloroaniline 
was not detected. 

2:3:4:6-Tetrachloroaniline from urine. Direct 
steam distillation of the urine at pH 7 gave about 
one-third of the tetrachloroaniline obtained by 
steam distillation of acidified urine. The base was 
obtained as colourless needles, m.p. 88°, unchanged 
by admixture with an authentic sample. 

N - Acetyl -S -(2:3:4:6-tetrachlorophenyl)-L-cysteine. 
The urine was acidified with HCl to pH 1. The pre- 
cipitate, treated like the corresponding precipitate 
from the urine of rabbits dosed with pentachloro- 
nitrobenzene, gave small colourless needles of N- 
acetyl-S-(2:3:4:6-tetrachlorophenyl)-L-cysteine, m.p. 
193°, [x]?°° + 22° + 2° in ethanol (c, 0-96). (Found: 
C, 35-4; H, 2-5; N, 3-7; Cl, 37-7; S, 8:3%; equiv. 
386. C,,H,O;NCL,S requires C, 35-0; H, 2-4; N, 3-7; 
Cl, 37-6; S, 8-5 %; equiv. 377.) In a typical experi- 
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ment acidification of the 48 hr. urine of five rabbits, 
each of which had been given 2 g. of 2:3:4:6-tetra- 
chloronitrobenzene, gave a precipitate from which 
845 mg. of tetrachloroaniline and 327 mg. of the 
mercapturic acid were isolated. Ether extraction of 
the residual urine yielded a further 285 mg. of the 
base. 

Hydrolysis of the mercapturic acid by the 
method used for the pentachlorophenyl mer- 
capturic acid gave colourless needles (yield 52 %) of 
2:3:4:6-tetrachlorothiophenol, m.p. 102—104°, giving 
an intense colour with the Folin—Ciocalteu reagent. 
(Found: C, 29-0; H, 1-0; 8, 12-8. C,H,Cl,S requires 
C, 29-0; H, 0-8; S, 12-9 %.) 

Phenolic metabolite. A syrupy glucosiduronic 
acid fraction was obtained by the usual lead-salt 
procedure from the urine of five rabbits each given 
lg. of tetrachloronitrobenzene. This did not 
crystallize, and was hydrolysed by boiling with an 
equal vol. of 10N-H,SO, for lhr. No phenolic 
metabolite was isolated, but the hydrolysed 
material gave a cherry-red diazo reaction quite 
different from the orange colour given by tetra- 
chloroaniline. The cherry-red diazo colour was also 
obtained with acid- or alkali-hydrolysed urine 
from which, before hydrolysis, tetrachloroaniline 
had been removed by exhaustive steam distillation 
at pH 2. These findings are compatible with the 
presence of an aminophenol. 


Decomposition of chloronitrobenzenes 
with ethanolic NaOH 


The effect of treating some polychloronitro- 
benzenes with ethanolic NaOH is shown in Table 2. 
With 2:4:5-trichloro- and 2:3:4:5-tetrachloro-nitro- 
benzene an intense yellow colour developed on 
treatment with alkali, and no nitrite was detected. 


Table 2. Decomposition of some polychloronitrobenzenes by ethanolic sodium hydroxide 


The chloronitrobenzene (0-068 mm) was either refluxed for 15 min. or incubated at 37° for the stated time with ethanol 
(12-5 ml.) and 4n-NaOH (12-5 ml.). The solution or a sample was then quickly cooled by tenfold dilution with ice-cold 
water and nitrite determined on a portion of this solution which had been cleared by centrifuging. The values for mercap- 
turic acid formation for the trichloronitrobenzenes are the averages of determinations of iodine uptake after alkaline 
hydrolysis of urine. (The superior figure indicates the number of experiments.) The constitution of these mercapturic acids 


has not been established. 
Percentage of N liberated as nitrite 





co A— ~ Mercapturic 
After 15 min. boiling At 37° acid formation 
—*MUN—— 7 in rabbit (% of 
Compound Average 2hr. 6hr. 12hr. 20hr. absorbed dose) 
Pentachloronitrobenzene 39, 42, 48 43 37 41 41 41 37 
2:3:5:6-Tetrachloronitrobenzene 83, 82, 82 82 25 65 85 91 36 
2:3:4:6-Tetrachloronitrobenzene 20, 19, 19, 23 20 + ll 17 17 37 
2:3:4:5-Tetrachloronitrobenzene 0, 0, 0, 0 0 0 0 0 0 O* 
2:3:6-Trichloronitrobenzene 9, 6 8 0 0 <l <l 8° 
2:4:6-Trichloronitrobenzene 3, 4 4 0 0 0 0 08 
2:4:5-Trichloronitrobenzene 0, 0 0 0 0 0 0 518 





* This value, given by Bray et al. (1953), is probably true for mercapturic acid formed by acetylcysteyldenitration, but | 
further experiments with paper chromatograms have shown that a mercapturic acid containing a nitro group is formed, 
probably by acetyleysteyldechlorination. 
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DISCUSSION 


The quantitative results show that 2:3:4:6-tetra- 
chloronitrobenzene is completely absorbed,whereas 
about 60% of pentachloronitrobenzene is un- 
absorbed. Neither compound appeared to undergo 
significant reduction to the corresponding aniline in 
the alimentary canal before absorption but, in the 
body, reduction of the nitro group of both com- 
pounds occurred and the corresponding aniline was 
isolated from the urine. No unchanged nitro 
compound was detected in urine. The correct inter- 
pretation of the quantitative results is not yet clear. 
For reasons already given the increased excretion of 
glucuronic acid (i.e. material measured by the 
naphthoresorcinol method) after doses of penta- 
chloronitrobenzene cannot be wholly attributed to 
a glucosiduronic acid of a phenol formed from 
pentachloronitrobenzene. For the formation of 
such a glucosiduronic acid, a nitro group or 
chlorine atom must be eliminated, but examination 
of the excretion products failed to yield more than 
a trace of a phenolic metabolite (probably penta- 
chlorophenol). Furthermore, if pentachlorophenol 
were formed it is unlikely that it would be ex- 
tensively conjugated, since it has been shown 
(Deichmann et al. 1942), and we have confirmed, 
that, when preformed pentachlorophenol is ad- 
ministered to the rabbit, 70-80% is recovered 
from the urine and there is no evidence that any of 
the phenol is excreted in a stable conjugated form. 
It would seem that at least part of the increased 
excretion of glucuronic acid after administration of 
pentachloronitrobenzene must be due to a toxic 
effect such as has been observed with certain other 
compounds (cf. Bray, Hybs & Thorpe, 1951). 

After dosage with 2:3:4:6-tetrachloronitrobenzene 
the increased excretion of glucuronic acid was 
quantitatively compatible with the formation of a 
glucosiduronie acid derived from the compound 
administered. This glucuronic acid could be con- 
sidered as being excreted in four possible forms: 
(1) as a stable O-glucosiduronic acid, (2) as a labile 
O-glucosiduronic acid, (3) as an N-glucosiduronic 
acid, and (4) as free glucuronic acid. 

(1) If an O-glucosiduronic acid were formed from 
2:3:4:6-tetrachloronitrobenzene it is reasonable to 
assume that it would be formed from a phenol— 
either 2:3:4:6-tetrachloronitrophenol or 5-amino- 
2:3:4:6-tetrachlorophenol. No phenolic metabolite, 
however, could be isolated, although a diazo 
reaction, distinct from that of tetrachloroaniline 
and attributable to an aminophenol, was observed. 
Glucosiduronic acids of phenols are usually stable 
to alkali and do not reduce alkaline cupric reagents 
without previous hydrolysis. In three experiments, 
however, in which both naphthoresorcinol and 
copper reducing methods (on unhydrolysed urine) 
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were used, the results corresponded quantitatively 
for each 24 hr. urine. This suggests that if an O- 
glucosiduronic acid is formed it is not of the usual 
stable ether-type. 

(2) This correspondence of naphthoresorcinol 
and reducing values could result from the existence 
of a labile glucosiduronic acid. If a labile O- 
glucosiduronic acid were formed it would seem more 
likely that it would be formed from the nitro- 
phenol, in which all substituents are electron- 
attracting, than from the aminophenol (cf. Nath 
& Rydon, 1954). 

(3) The formation of an N-glucosiduronic acid of 
the type formed from 2-naphthylamine (Boyland & 
Manson, 1955) would provide an explanation, not 
only for the correspondence between naphthore- 
sorcinol and reducing values, but also for the 
excretion of 2:3:4:6-tetrachloroaniline in combined 
form. A search for chromatographic evidence for 
O- and N-glucosiduronic acids was not satisfactory, 
since tetrachloroaniline gives a diazo colour which 
is too feeble for reliable quantitative determination. 
Experiments with the glucosiduronic acid fractions 
of urines of rabbits dosed with 2:3:4:6-tetrachloro- 
nitrobenzene certainly showed two zones on @ 
paper chromatogram from which, after hydrolysis, 
cherry-red and orange diazo colours respectively 
were obtained, the former presumably being due 
to an O-glucosiduronic acid of aminotetrachloro- 
phenol. The identification of the second zone with 
an N-glucosiduronic acid and its distinction from 
adherent free tetrachloroaniline would, however, 
require a quantitative equivalence between the 
glucuronic acid and the base which could not be 
estimated with the insensitive colour reaction 
available for determination of the base. Further- 
more, if the increased excretion of glucuronic acid 
was mainly due to an N-glucosiduronic acid, it 
would be expected that there would be some 
quantitative agreement between the excretion of 
combined tetrachloroaniline and the increases in 
excretion of glucuronic acid and reducing material 
in respect of both the amount and the time of 
excretion. The results in Table 3, however, suggest 
that the excretion of glucuronic acid is unrelated to 
that of the combined tetrachloroaniline. 

(4) The excretion of free glucuronic acid would 
fit the observed facts better than any of the fore- 
going explanations and would provide another 
example of what has been described previously as 
a toxic effect (cf. Bray et al. 1951). In such condi- 
tions, however, the excretion of glucuronic acid is 
usually quantitatively unrelated to that of the 
metabolites of the compound administered and 
extends beyond the time of their excretion. This 
was not observed after dosage with 2:3:4:6-tetra- 
chloronitrobenzene. From the existing evidence it 
cannot be decided whether the increased excretion 
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of glucuronic acid is due to the excretion of free 
glucuronic acid or of an alkali-labile glucosiduronic 
acid, or both. 

The anorexia produced by dosing with penta- 
chloro- and 2:3:4:6-tetrachloro-nitrobenzene makes 
it difficult to decide whether there is any significant 
excretion of metabolites of these compounds con- 
jugated with sulphuric acid. It seems possible that 
normally a very small amount may be formed from 
pentachloronitrobenzene, since in one animal 
which did not excrete a detectable amount of 
mercapturic acid there was a significant increase 
(corresponding to 10 % of the dose) in excretion of 
ethereal sulphate. 
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The lability of the nitro group in some chlori- 
nated nitrobenzenes was reported by Berckmans & 
Holleman (1925) and Holleman & Haeften (1921). 
In the present work the ease of elimination of the 
nitro group from some polychloronitrobenzenes has 
been compared by measuring the formation of 
nitrite on treatment with ethanolic sodium 
hydroxide. These results are compared in Table 2 
with the extent to which the compounds form 
mercapturic acids in the rabbit. There is fair 
agreement between the results obtained in vitro at 
37° and on boiling; pure mercapturic acids have 
been isolated from the urines of rabbits that were 
given those compounds from which the nitro group 





Table 3. Excretion of glucuronic acid and tetrachloroaniline by rabbit no. 417 


The rabbit was given 1 g. of 2:3:4:6-tetrachloronitrobenzene. There was no increased excretion of glucuronic acid or 
excretion of tetrachloroaniline after the second day. Experiments with two other rabbits gave similar results. 


Metabolite 


Free tetrachloroaniline 
Combined tetrachloroaniline 
Increased excretion of glucuronic acid 
Naphthoresorcinol method 
Copper reducing method 


Percentage of dose excreted 


A 





r os =i% 
Ist day 2nd day Total 
5 0 5 
12 0 12 
19 14 33 
18 13 31 
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The metabolism of pentachloronitrobenzene and of 2:3:4:6-tetrachloronitrobenzene. The percentages indicate the 


average percentage of a 2 g. dose which is converted into the respective metabolite. 


On the basis of the information available, the 
probable metabolic paths followed by penta- and 
2:3:4:6-tetra-chloronitrobenzene in the rabbit could 
be represented by Fig. 1. Pentachlorophenol has 
been shown as formed directly from pentachloro- 
nitrobenzene rather than from pentachloroaniline, 
because preformed pentachloroaniline is not con- 
verted into pentachlorophenol and the replacement 
of an amino group by hydroxy] in other compounds 
of this type has not been observed (Bray e¢ al. 
1953). It has been assumed, by analogy with the 
aminophenol formed from 2:3:5:6-tetrachloronitro- 
benzene (Bray et al. 1953), that 3-amino-2:4:5:6- 
tetrachlorophenol is formed from 2:3:4:6-tetra- 
chloroaniline. 


is readily eliminated (penta-, 2:3:4:6-tetra- and 
2:3:5:6-tetra-chloronitrobenzenes). Preliminary ex- 
amination of the urines of rabbits given 2:3:6-, 
2:4:5- or 2:4:6-trichloronitrobenzene has indicated 
that mercapturic acids are formed from the 2:3:6- 
and 2:4:5- but not from the 2:4:6-isomer. That from 
the 2:3:6-isomer has not been isolated, but the 
2:4:5-isomer gave a mercapturic acid containing a 
nitro group (unpublished work). 

The fact that pentachloronitrobenzene is con- 
verted into N-acetyl-S-pentachlorophenyl-tL-cys- 
teine proves that the N-acetyleysteyl radical enters 
the position previously occupied by the nitro group. 
In the decomposition of pentachloronitrobenzene 
with sodium methoxide the nitro group is replaced 
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by a methoxyl group (Berckmans & Holleman, 
1925), and it is of interest that the bacterial de- 
composition of certain nitrophenols results in the 
replacement of the nitro by the hydroxyl group 
(Simpson & Evans, 1953). It might therefore be 
expected that, when elimination of the nitro group 
occurs in the rabbit, this group would be replaced 
by an hydroxyl group and _ pentachlorophenol 
would be formed. Although there appears to be 
evidence that a very small amount of pentachloro- 
phenol is formed as a metabolite of pentachloro- 
nitrobenzene, preformed pentachlorophenol is not 
converted into a mercapturic acid by the rabbit. It 
is also unlikely that the nitro group is reduced to 
amino and that this reacts to give a mercapturic 
acid, since pentachloroaniline does not form a 
mercapturic acid. Bray et al. (1953) showed that, 
whereas N-acetyl-S-(2:3:5:6-tetrachlorophenyl)-t- 
cysteine was formed from 2:3:5:6-tetrachloronitro- 
benzene in the rabbit, none was formed from 2:3:5:6- 
tetrachloroaniline. The available evidence suggests 
therefore that, in the formation of mercapturic 
acids from the polychloronitrobenzenes under 
discussion, the nitro group is directly replaced by 
a cysteyl or N-acetylcysteyl radical, and that this 
reaction is, in effect, an acetyleysteyldenitration 
which occurs in those compounds in which the 
disposition of chlorine atoms is such that the nitro 
group is relatively labile. 

An examination of the possibility that some 
other chloronitrobenzenes are converted into 
mercapturic acids in the rabbit is in progress and 
evidence has been obtained that mercapturic acids 
are formed from certain dichloronitrobenzenes 
(Bray, James & Thorpe, 1955), although in most of 
these cases the reaction appears to be not an 
acetyleysteyldenitration but an acetyleysteylde- 
chlorination. 


SUMMARY 


1. The metabolism of penta- and 2:3:4:6-tetra- 
chloronitrobenzene in the rabbit has been studied. 

2. An average of 62% of a 2g. dose of penta- 
chioronitrobenzene is unabsorbed and excreted in 
faeces. The average percentages excreted in urine 
as pentachloroaniline and N-acetyl-S-pentachloro- 
phenyleysteine were 12 and 14 respectively. Both 
metabolites have been isolated. 

3. The average percentages of a 2g. dose of 
2:3:4:6-tetrachloronitrobenzene excreted in urine 
as 2:3:4:6-tetrachloroaniline and N-acetyl-S- 


(2:3:4:6-tetrachlorophenyl)cysteine were 31 and 32 
respectively. Both metabolites have been isolated. 
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The significance of the increased excretion of 
glucuronic acid caused by this compound is dis- 
cussed. 

4. The formation of the mercapturic acid from 
pentachloronitrobenzene involves replacement of 
the nitro group by an acetyleysteyl group. The 
mercapturic acid from 2:3:4:6-tetrachloronitro- 
benzene is probably formed in a similar way. 

5. The stability of the nitro group of some poly- 
chloronitrobenzenes towards ethanolic sodium 
hydroxide has been compared with the ease of the 
formation of mercapturic acid in vivo. 
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generous gifts of 2:3:5:6-tetrachloronitrobenzene and penta- 
chloronitrobenzene. The microanalyses were done in the 
Department of Chemistry of this University by the kind 
arrangement of Professor M. Stacey and Dr R. Belcher. 


REFERENCES 


Berckmans, U. 8. F. & Holleman, A. F. (1925). Rec. Trav. 
chim. Pays-Bas, 44, 851. 

Betts, J. J., James, S. P. & Thorpe, W. V. (1953). 
Biochem. J. 54, xxxi. 

Boyland, E. & Manson, D. (1955). Biochem. J. 60, ii. 

Bray, H. G., Humphris, B. G., Thorpe, W. V., White, K. & 
Wood, P. B. (1952). Biochem. J. 52, 412. 

Bray, H. G., Hybs, Z., James, 8. P. & Thorpe, W. V. (1953). 
Biochem. J. 53, 266. 

Bray, H. G., Hybs, Z. & Thorpe, W. V. (1951). Biochem. J. 
48, 192. 


Bray, H. G., James, 8S. P. & Thorpe, W. V. (1955). 
Biochem. J. 60, xxiii. 

Bray, H. G., Neale, F. C. & Thorpe, W. V. (1946). 
Biochem. J. 40, 406. 

Bray, H. G., Ryman, B. E. & Thorpe, W. V. (1947). 


Biochem. J. 41, 212. 

Bray, H. G. & Thorpe, W. V. (1954). Meth. biochem. Anal. 
1, 27. 

Deichmann, W., Machle, W., Kitzmiller, K. V. & Thomas, 
G. (1942). J. Pharmacol. 76, 104. 

Deichmann, W. & Schafer, L. J. (1942). 
Chem. (Anal.), 14, 310. 

Folin, O. (1905-6). J. biol. Chem. 1, 131. 

Hanson, S. W. F., Mills, G. T. & Williams, R: T. (1944). 
Biochem. J. 38, 274. 

Holleman, A. F. & Haeften, F. E. van (1921). Ree. Trav. 
chim. Pays-Bas, 40, 67. 

Nath, R. L. & Rydon, H. N. (1954). Biochem. J. 57, 1. 

Simpson, J. R. & Evans, W. C. (1953). Biochem. J. 55, 
XXiv. 

Stekol, J. A. (1936). J. biol. Chem. 113, 279. 

Stieglitz, E. J. & Palmer, A. E. (1934). J. Pharmacol. 51, 
398. 


Industr. Engng 





618 


1955 


The Purification and Properties of §-Aminolaevulic Acid Dehydrase 


By K. D. GIBSON*, A. NEUBERGER* anp J. J. SCOTT* 
National Institute for Medical Research, The Ridgeway, Mill Hill, London, N.W. 7 


(Received 29 June 1955) 


The work of Shemin and his colleagues on the 
incorporation into haem of glycine (Shemin & 
Rittenberg, 1945, 1946; Wittenberg & Shemin, 
1949, 1950), acetate (Shemin & Wittenberg, 1951) 
and succinate (Shemin & Kumin, 1952), together 
with the work of Muir & Neuberger (1949, 1950) on 
the incorporation of glycine and acetate, led to the 


indicating the existence in this system of an enzyme 
catalysing the conversion of ALA into PBG. This 
enzyme is presumably also present in the soluble 
enzyme system forming haem from ALA described 
by Shemin, Abramsky & Russell (1954). It is the 
purpose of this communication to describe the 
purification and properties of this enzyme, which 


CO,H CO,H 
| | 
CH, CO.H CH, CO,H 
| | | | 
CH, + a —» ch GL +2H,0 
| | | I 
co H,C C——C¢ 
| | . ll ee 
Y . : ‘— CH,. NH, 
CH, Z~ cH OC »- NH, 
NH, 0 CH,.NH, NH 
Fig. 1 


conclusion that the initial reaction in the bio- 
synthesis of haem is the condensation of glycine 
with a derivative of «-oxoglutarate. At the other 
end of the biosynthetic pathway, it has been sug- 
gested that the first tetrapyrrole formed is probably 
closely related to uroporphyrin III (Turner, 1940; 
Radin, Rittenberg & Shemin, 1950; Neuberger, 
Muir & Gray, 1950). The isolation by Westall 
(1952) of porphobilinogen (PBG), first described 
by Waldenstrém (1934), provided a link between 
the aliphatic precursors and the tetrapyrrolic 
products. This substance, which was char- 
acterized as a monopyrrole by Cookson & 
Rimington (1953, 1954), Kennard (1953) and 
Cookson (1953), was found to be an effective pre- 
cursor of porphyrins and haem both in avian red 
cells (Falk, Dresel & Rimington, 1953) and in green 
algae (Bogorad & Granick, 1953). 

The discovery of the role of PBG as a porphyrin 
precursor was followed very shortly by inde- 
pendent reports from Shemin & Russell (1953) and 
from Neuberger & Scott (1953) that $-amino- 
laevulic acid (ALA) is also an effective precursor of 
haem and of porphyrins. Dresel & Falk (1953) 
found that it is as efficient a porphyrin precursor as 
PBG in avian red cells, and presented evidence 

* Present address: Department of Chemical Pathology, 
St Mary’s Hospital Medical School, St Mary’s Hospital, 
London, W. 2. 


catalyses the reaction shown in Fig. 1, and which 
we have called $-aminolaevulic acid dehydrase. 
A preliminary note has appeared already 
(Gibson, Neuberger & Scott, 1954), and some 
properties of the enzyme have been briefly de- 
scribed elsewhere (Gibson, 1955). Almost simul- 
taneously with our first note, independent reports 
of work on the dehydrase were published by Granick 
(1954) and by Schmid & Shemin (1955; see also 
Shemin, Gatt, Schmid & Weliky, 1955). Another 
communication on this subject has also appeared 
(Schulman, 1955). 


EXPERIMENTAL 
Preparation of compounds 


6-Aminolaevulic acid (ALA) was prepared as described 
previously (Neuberger & Scott, 1954). Porphobilinogen 
(PBG) was isolated according to Cookson & Rimington 
(1954) from the urine of rabbits which had received 
N-(2-isopropylpent-4-enoyl)urea (Sedormid), or from that 
of humans given an oral dose of ALA (Berlin, Gray, 
Neuberger & Scott, 1954). «3-Diaminolaevulic acid and 
aminoacetone were prepared according to Harington & 
Overhoff (1933) and Gabriel & Pinkus (1893) respectively. 
6-Amino-5-oxohexanoic acid was prepared by a method 
completely analogous to that used for preparing ALA 
(Route B of Neuberger & Scott, 1954). This method was as 
follows: y-methoxycarbonylbutyry] chloride was prepared 
according to Naylor (1947) (b.p. 95-98°/10 mm.). A solu- 
tion of this compound (25 g.) in dry ether (82 ml.) was added 
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during 2 hr. with mechanical stirring to a solution of 
diazomethane (13 g.) in ether (520 ml.) at -5°. The 
mixture was treated exactly as described previously for the 
preparation of methyl 6-chlorolaevulate (Neuberger & 
Scott, 1954). The combined ether washings were dried 
(MgSO,) and the solvent was removed, the yield of crude 
methyl e-chloro-§-oxohexanoate being 12-5 g. (46%). Another 
sample prepared in this manner was distilled in vacuo 
(b.p. 95-96°/0-071 mm.). (Found: C, 47-50; H, 6-21. 
C,H,,0,Cl requires C, 47-05; H, 6-16 %.) The crude material 
obtained above was added dropwise with stirring during 
0-5 hr. to a solution of anhydrous potassiophthalimide 
(14 g.) in dimethylformamide (100 ml.). The mixture was 
heated at 60° for 1 hr., and the solvent was removed. The 
residue was twice recrystallized from water. The yield of 
methyl e-phthalimido-8-oxohexanoate, which had m.p. 96°, 
was 16g. (79%). (Found: C, 62-50; H, 4-94; N, 4-80. 
C,;H,;0;N requires C, 62-28; H, 5-19; N, 484%.) This 
compound (11 g.) was then refluxed for 6 hr. with 7N-HCl 
(110 ml.). After cooling and removal of precipitated 
phthalic acid, the solvent was removed in vacuo. The 
residue was recrystallized once from dry methanol-ethyl 
acetate and once from dry methanol-ether; 4-2 g. (61%) 
of 6-amino-5-oxohexanoic acid hydrochloride (m.p. 149-150°) 
were finally obtained. (Found: C, 39-90; H, 6-55; N, 7-73. 
C,H,,0,N,HCl requires C, 39-67; H, 6-61; N, 7-71%.) 


Methods 


Estimation of PBG. PBG was estimated throughout by 
the colour developed with p-dimethylaminobenzaldehyde 
(Ehrlich’s reagent) in acid solution. A sample (1 or 2 ml.) 
of a suitable dilution of the solution to be estimated was 
mixed with an equal volume of 2% (w/v) Ehrlich’s reagent 
in 5n-HCl; the absorption of the coloured product at 
552 my. was read against a blank consisting of the unknown 
solution mixed with an equal volume of 5n-HCl. The 
absorption was followed until it reached a maximum, and 
the PBG present was calculated from this figure by using 
the data for the absorption of the Ehrlich compound of 
PBG given by Cookson & Rimington (1954). Thiol reagents, 
which interfere with the colour development, were oxidized 
as described below. The very slight blank absorption at 
552 mp. observed with a mixture of CuSO, and Ehrlich’s 
reagent alone was sufficiently small under the conditions 
used in this work to be neglected in comparison with the 
experimental error. 
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Estimation of ALA. This was estimated by the picric acid 
method of L, Shuster (paper in preparation). The samples 
for estimation were deproteinized by addition of trichloro- 
acetic acid (TCA) to a concentration of 5% (w/v). 

Preparation of homogenates. Tissue homogenates were 
prepared by mixing the fresh tissue with twice its wet 
weight of ice-cold 0-15m-KCl and blending in a Potter— 
Elvehjem glass homogenizer for about 3 min. The homo- 
genates were strained through muslin before use. 

Estimation of enzyme activity. It has been found that 
PBG is not further metabolized appreciably even in the 
presence of crude tissue preparations if it is incubated in 
vacuo, and this has been made use of in estimating de- 
hydrase activity. The standard conditions which were used 
in most of the experiments described here were as follows: 
the enzyme preparation, together with m/15 phosphate 
buffer (pH 6-8) and 0-01m glutathione (GSH) or cysteine 
(CySH), in a total fluid volume of 3-0 ml., was incubated 
for 1 hr. at 38° in a Thunberg tube in vacuo. (Phosphate 
buffers used throughout the work described here were made 
by mixing solutions of KH,PO, and Na,HPO, in suitable 
proportions.) This serves to activate the enzyme (see below, 
under Results). At the end of this period 0-33 ml. of 0-1m 
ALA hydrochloride was added from the side arm of the 
Thunberg tube, and incubation was continued for a period 
of upto 1-5hr. The protein was then precipitated by pouring 
the contents of the tube into 1 ml. of colloidal Fe,O, (‘ Dia- 
lysed Iron’, approx. 5% w/v Fe,0,; British Drug Houses 
Ltd.) in a 15 ml. centrifuge tube. Saturated aq. CuSO, 
(2 drops) was added, and the tube stoppered and shaken 
vigorously for about 10 sec. This oxidized the thiol and dis- 
charged the colloid. Afterthe precipitate had been removed 
by centrifuging, the amount of PBG in the supernatant was 
estimated with Ehrlich’s reagent as described above. 

With purified preparations addition of the colloidal 
Fe,0, was unnecessary. The procedure for stopping the 
reaction was to pour the incubation mixture directly into 
a centrifuge tube containing 2 drops of saturated ‘aq. 
CuSO,, shake vigorously as before and remove the pre- 
cipitate of copper phosphate by centrifuging. The PBG in 
the supernatant was then estimated. It was found that the 
action of the dehydrase was inhibited immediately on adding 
the CuS0O,, possibly by oxidation of its essential SH groups. 

By using this method over 90% of the PBG could be 
recovered if the PBG concentration exceeded about 10->m. 
Table 1 shows a recovery experiment carried out at two 


Table 1. Recovery of PBG 


Contents of Thunberg tubes: 0-067m phosphate buffer, pH 6-8, enzyme and GSH as indicated; liquid volume 3-0 ml. 
Activation at 38° as indicated; then PBG, in 0-1 ml., added from side arm. Rabbit liver homogenized in 0-15m-KCl 
(2-0 ml./g. wet weight) as described in the text. Purified dehydrase prepared as described in the text (A, 37-3; N, 1-46). 
After incubation, tubes containing liver homogenate deproteinized with colloidal Fe,0, and CuSO, ; those with purified 


enzyme deproteinized with CuSO, alone. 


Activation Incubation PBG PBG recovered 
xSH time time added —__—_——— 
Enzyme (M) (hr.) (hr.) (umole) (umole) %) 
Homogenate (0-5 ml.) oe - = 0-087 0-083 96 
10-2 - = 0-087 0-089 102 
10-2 1-0 1-0 0-087 0-079 91 
10-2 — — 0-0087 0-0075 86 
10-2 1-0 1-0 0-0087 0-0060 69 
Purified dehydrase (0-01 ml.) 10-? — — 0-087 0-082 94 
% 10-2 1-0 1-0 0-087 0-080 92 
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concentrations of PBG, with either rabbit-liver homogenate 
or the purified dehydrase. With the homogenate at the 
higher concentration, 2-8 x 10-°m, more than 90% of the 
added PBG was recovered even after 1 hr. incubation, 
although greater losses occurred at one-tenth of this con- 
centration. In this experiment colloidal Fe,O,; was used 
as protein precipitant. With the purified enzyme and 
2-8 x 10-5m PBG, recovery was again greater than 90%; in 
this experiment colloidal Fe,O, was not added. 





RESULTS 
Distribution 


ALA dehydrase has been found in a variety of 
organisms and tissues in addition to chicken 
erythrocytes, in which it was first reported by 
Dresel & Falk (1953) and from which it has been 
prepared by Granick (1954), and duck erythrocytes, 
which Schmid & Shemin (1955) used as starting 
material for their preparation. The activities in 
some of these organisms and tissues are shown in 
Tables 2 and 3. Although there is some variation 
among the figures recorded there, it is clear that 
the enzyme is widely distributed in nature. Apart 
from haemopoietic tissues, there is considerable 


Table 2. General distribution of ALA dehydrase 


Tissues of rat and pigeon, and pea seedlings, homogenized 
in 0-15mM-KCl (2 ml./g. wet weight). Spinach leaf ground 
with sand in the cold, extracted with 0-15m-KCl (5 ml./g. 
wet weight of leaf). Bacteriwm cadaveris (NCTC 6578) and 
yeast extracts made by mixing with equal weight of 
Al,O,, freezing, grinding in mortar while thawing, and 
extracting with 0-15m-KCl (5 ml./g. wet weight of cells). 
Acetone-dried Corynebacterium diphtheriae (Park-Williams 
no. 8, Toronto) extracted with water (5 ml./g. dried cells) 
for 2 hr. at 0°. 

Contents of Thunberg tubes: 0-067m phosphate buffer, 
pH 6-8, 0-01m GSH, 1-0 ml. of homogenate, extract or cell 
suspension; liquid volume 3-0 ml. Activation for 1 hr. at 
38°; then 0-33 ml. of 0-1m ALA added from side arm. 
Reaction stopped with colloidal Fe,O, and CuSO,. 

In this and subsequent tables and figures ALA is to be 
taken to denote the hydrochloride. 


Activity 
(umole PBG/hr./g. 

Organism or tissue wet wt.) 
Rat liver 0-70 
Rat kidney 0-24 
Rat Harderian gland 0-15 
Pigeon liver 0-88 
Pigeon breast muscle 0-02 
Spinach leaf (extract) 0-06 
Pea seedlings 0-01 
Brewer’s top yeast (whole cells) 0-03 
Brewer’s top yeast (extract) 0-07 


(umoles PBG/hr./ 
100 mg. dry wt.) 


Bact. cadaveris (whole cells) 0-03 
Bact. cadaveris (extract) 0-19 
Corynebact. diphtheriae (extract 1-03 


of acetone powder) 
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activity in the liver and kidney of rats and rabbits, 
and in the liver of pigeons. In addition, a number 
of the other tissues of the rabbit have a small but 
definite activity. With the exception of yeast, all 
the micro-organisms tested have activities at least 
comparable with that of liver. Some activity is also 
present in extracts of spinach leaf and in pea 
seedlings, although this is much less than has been 
found in micro-organisms and in the most active 
mammalian tissues. 


Table 3. ALA dehydrase of normal rabbit tissues 


Fresh rabbit tissues homogenized in 0-15mM-KCl (2 ml./g. 
wet weight). Contents of Thunberg tubes: 0-067m phos- 
phate buffer, pH 6-8, 0-01m GSH, 1-0 ml. of tissue homo- 
genate; liquid volume 3-0 ml. Activation for 1 hr. at 38°; 
then 0-33 ml. of 0-1m ALA added from side arm. Reaction 
stopped with colloidal Fe,O, and CuSO,. 





Activity 
(umoles PBG/hr./g. wet wt.) 

ct wed = 

Rabbit Rabbit Rabbit Rabbit 

Tissue no. 1 no. 2 no. 3 no. 4 
Liver 0-99 1-14 0-95 1-05 
Kidney 0-28 — 0-30 0-32 
Bone marrow —- 0-26 0-23 0-24 
Spleen 0-10 — 0-10 0-11 
Blood - 0-05 0-05 0-06 
Heart muscle 0-04 — 0-04 
Brain 0-06 — 
Lung — - 0-07 
Skeletal muscle . 0-01 


The distribution of ALA dehydrase activity in 
the tissues of four normal rabbits is shown in 
Table 3. The most striking finding is the large 
activity of liver, which is more than double that of 
any of the other tissues tested. Kidney and bone 
marrow are also rich in the enzyme, but the 
activities of the other tissues are low. It is probable 
that the figures in Table 3 represent a measure of 
the real concentration of the enzyme in the various 
tissues, since they agree satisfactorily with the 
activities which can be extracted from the acetone- 
dried tissues and are also unaffected by the nature or 
ionic strength of the medium in which the tissue 
extracts are made. The distribution of ALA de- 
hydrase activity has also been studied in animals 
made anaemic or porphyric by administration of 
N-acetylphenylhydrazine and of Sedormid re- 
spectively (Table 4). There is a threefold increase in 
activity in blood and spleen of anaemic animals 
with no effect on liver; but in the porphyric animal 
the activities of liver and kidney show a twofold 
rise, while those of the blood and spleen are un- 
affected. The activity of bone marrow shows no 
significant variation from normal in either condi- 
tion, and that of lung is at most very little affected 
by the experimental porphyria. 
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The result of an experiment to determine the 
distribution of ALA dehydrase in the particulate 
fractions of a rat liver is shown in Table 5. No 
activity was found to be associated with either the 
mitochrondria or the microsomes, while all the 
activity was recovered in the soluble fraction. The 
small activity found in the nuclear fraction was 
probably due to the presence of unbroken ery- 
throcytes. 


Table 4. Effect of experimental anaemia and 
porphyria on ALA dehydrase in rabbit tissues 


Anaemia produced by daily intravenous injection of NV- 
acetylphenylhydrazine (1-5 mg./kg. body weight) for 
3 days; animals killed on fifth day, when blood-haemo- 
globin concentration was reduced by 40-50%. Porphyria 
produced by daily administration by stomach tube of 
Sedormid (200 mg./kg. body weight); animals killed on 
sixth day, 24 hr. after first appearance of PBG in urine. 
Tissues homogenized in 0-15M-KCl (2 ml./g. wet weight). 
Contents of Thunberg tubes, incubation conditions and 
protein precipitation as in Table 3. 

Activity 
(umoles PBG/hr./g. wet wt.) 
———eeeoooOo 


Rabbit Rabbit 
Tissue no. 5 no. 6 
Anaemic 
Liver 1-05 1-14 
Bone marrow 0-24 0-27 
Spleen 0-36 — 
Blood 0-16 0-18 
Rabbit Rabbit Rabbit 
Porphyric no. 7 no. 8 no. 9 
Liver 2-04 2-20 2-30 
Kidney 0-84 — — 
Bone marrow 0-22 0-23 
Spleen 0-09 0-09 — 
Blood 0-03 0-03 —_ 
Lung 0-12 — — 


Table 5. ALA dehydrase in particulate fractions 
of rat liver 


Fresh rat liver homogenized in 0-25 sucrose (9 ml./g. 
wet weight of liver) and strained through muslin. Nuclear 
and mitochondrial fractions prepared according to 
Schneider & Hogeboom (1950); microsomal and soluble 
fractions according to Schneider (1948). Incubations at 
38°; 0-067m phosphate, pH 6-8, 0-01m GSH, 1 ml. of liver 
fraction; liquid volume, 3-Oml. Activation for 1 hr.; 
0-33 ml. of 0-l1m ALA added from side arm. Reaction 


stopped with colloidal Fe,O, and CuSO,. 
Activity 
(umole PBG/hr./g. 


Liver fraction wet wt. original liver) 


Whole homogenate 0-71 


Nuclear fraction 0-02 
Mitochrondria 0-00 
Microsomes 0-00 
Soluble fraction 0-74 
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Purification 


The dehydrase has been purified about 270-fold, an 
aqueous extract of acetone-dried ox liver being used as 
starting material. The preparation procedure is described 
below for a typical batch. All operations were carried out 
as far as possible in the cold. All solutions used after step 8 
were made up with A.R. reagents in ion-free water. 
Activity, A, is expressed as pmoles of PBG formed/hr./ml. 
of enzyme solution under the standard conditions described 
above. Protein nitrogen, N, was determined by the 
Kjeldahl procedure of Hiller, Plazin & Van Slyke (1948), 
and is expressed as mg. of protein N/ml. of enzyme solution. 

Preparation of acetone-dried powder (step 1). The liver of 
an ox was cut into thin slices and frozen in solid CO, 
immediately after removal from the carcass. The frozen 
material was allowed to thaw and was put through a 
mechanical mincer. The minced liver was homogenized in 
a Waring Blendor with 4-5 times its volume of acetone at 
—5° to —10°. The slurry was filtered on a Biichner filter; 
the precipitate was washed with acetone at -—5°, followed 
by ether at — 5°, and dried in a stream of air at 4°. A batch 
of 10 lb. of liver yielded about 1 kg. of dry powder, which 
had lost no dehydrase activity. Such powders are stable for 
6-8 weeks if stored at — 5°. 

Extraction of the dehydrase (step 2). Acetone-dried ox 
liver (500 g.) was stirred mechanically for 2 hr. at 0° with 
101. of water. The mixture was strained through muslin. 
A, 0-245; N, 2-85; A/N, 0-087; determined with a portion 
of the extract previously centrifuged until clear. 

Purification by heating (step 3). Portions of about 500 ml. 
of the extract were heated with stirring until the temper- 
ature reached 50°. The heat source was then removed and 
the temperature allowed to rise to 53°. The time taken for 
the temperature to rise from 4° to 53° was about 3 min. The 
portion of extract was stirred for 2 min. after the temper- 
ature had reached 53°, during which time it rose to 56—58°; 
it was then poured into a flask in ice and cooled as quickly as 
possibly until the temperature had fallen below 35°. After 
all the extract had been treated in this way the precipitate 
was filtered off. Vol. of filtrate, 5600 ml.; A, 0-259; NV, 2-09; 
A|N, 0-124. 

First precipitation with (NH,).SO, (step 4). To the filtrate 
after heating were added 1400 g. of (NH,).SO,, to bring it 
to 40% saturation. The precipitate was filtered off and 
discarded. A further 590 g. of (NH,),SO, were added to the 
filtrate (5900 ml.) to bring it to 55% saturation. The 
precipitate was filtered off and dissolved in 1000 ml. of 
water. A, 0-850; N, 3-50; A/N, 0-243. 

Adsorption of impurities on Ca3(PO,). gel (step 5). To the 
solution of enzyme (1000 ml.) from step 4 (which contained 
4-90 mg. of NH,-N/ml.) were added 50 ml. of 3m sodium 
acetate buffer, pH 5-6 (9 parts of CH,.CO,Na to 1 part of 
CH,.CO,H), and 50 ml. of Ca,(PO,). gel suspension 
(12-2 mg./ml., prepared according to Singer & Kearney 
(1950), using ion-free water throughout). The precipitate 
was discarded. A of supernatant, 0-835; N, 3-00; A/N, 
0-278. 

First adsorption of the enzyme on Ca,(PO,)2 gel and elution 
(step 6). A further 50 ml. of Ca,(PO,), gel suspension were 
added to the supernatant from step 5. The mixture was 
centrifuged and the precipitate set aside. This was re- 
peated three times. The four precipitates were combined 
and eluted successively with (i) 100 ml. of 0-05m phosphate 
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buffer, pH 7-4; (ii) 200 ml. of 0-05m phosphate buffer, 
pH 7-4, 10% saturated with respect to (NH,),SO,; (iii) 
200 ml. of 0-05m phosphate buffer, pH 7-4, 15% saturated 
with respect to (NH,),SO,. The activities and protein- 
nitrogen contents of the eluates were: 





Eluate A N A/N 
Ist 0-51 0-75 0-67 
2nd 1-35 0-38 3-61 
3rd 0-39 0-16 2-35 


Second precipitation with (NH,),SO, (step 7). To the 
second eluate from step 6 (195 ml.) 57-5 g. of (NH,)SO, 
were added, to bring it to 55% saturation. The precipitate 
was dissolved in 40 ml. of water. A, 6-2; N, 1-14; A/N, 
5-41, 

Second adsorption of the enzyme on to Ca,(PO,), gel and 
elution (step 8). To the solution from step 7 (containing 
3-85 mg. of NH,-N/ml.) were added 2-0 ml. of 3m acetate 
buffer, pH 5-6. Ca,(PO,), gel suspension (12-2mg./ml.) was 
then added in portions of 2 ml. until all the activity had 
disappeared from the supernatant. This required twelve 
additions. The combined precipitates were eluted succes- 
sively with (i) 10 ml. of 0-05m phosphate buffer, pH 7-4; 
(ii) 10 ml. of 0-05m phosphate buffer, pH 7-4, 10% satur- 
ated with respect to (NH,),SO,; (iii) 10 ml. of 0-05m 
phosphate buffer, pH 7-4, 15% saturated with respect to 
(NH,).SO, ; (iv) 10 ml. of 0-05m phosphate buffer, pH 7-4, 
20% saturated with respect to (NH,),.SO,. The activities 
and nitrogen contents of the eluates were: 


Eluate A N A|N 
Ist 1-1 0-19 5:7 
2nd 5-5 0-40 13-8 
3rd 9-7 0-50 19-4 
4th 6-1 0-34 18-0 


It has been found that the efficiency of adsorption in 
both step 6 and step 8, especially the latter, varies very 
much from preparation to preparation. It is known that 
the presence of (NH,),SO, in a concentration of more than 
about 10 mg. of NH;-N/ml. prevents ALA dehydrase from 
being adsorbed on Ca,(PO,), gel under these conditions, but, 
even when the (NH,),SO, concentration is much lower than 
this, adsorption is very variable. It is possible that 
Ca,(PO,). gel prepared by another method would give more 
reproducible results. 

Third precipitation with (NH,).SO, (step 9). The third and 
fourth eluates from step 8 (8-0 ml. of each) were combined 
and mixed with 2-0 ml. of 3m acetate buffer, pH 5-6. Then 
13-0 ml. of saturated (NH,),SO, solution were added, to 
bring the mixture to 48% saturation. After standing 
overnight at 4°, the precipitate was removed by centrifug- 
ing and dissolved in 4-0 ml. of ion-free water. A, 37-5; N, 
1-46; A/N, 23-3. 

The purified material obtained by this method is a pale- 
yellow clear solution, the amount of colour varying from 
preparation to preparation. The colour is not lost on dialysis 
under a variety of conditions. The purified enzyme is 
stable in solution at 4°, only about 20% of the activity 
being lost after 2 weeks. 


Product of the reaction 


Isolation of crystalline PBG. A mixture of 100 ml. of 
0-1m phosphate buffer, pH 6-8, 30 ml. of 0:03m GSH 
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(neutralized to pH 7-0 with NaOH), 50 ml. of 0-:095m ALA 
(neutralized to pH 7-0 with NaOH), 76 ml. of partially 
purified ALA dehydrase [first (NH,),SO, precipitate; A, 
0-625; N, 2-42] and 40 ml. of water were put in a 1 1. flask, 
which was evacuated and incubated in vacuo for 18 hr. at 
38°. At the end of this period the protein was precipitated 
by addition of 100 ml. of colloidal Fe,O, and 10 ml. of 
saturated CuSO,. The precipitate was removed by centri- 
fuging and washed three times with about 50 ml. of water. 
The combined supernatant and washings, which contained 
Ehrlich-positive material equivalent to 53-0 mg. of PBG, 
were treated according to the procedure of Cookson & 
Rimington (1954) for the isolation of crystalline PBG. The 
yield of crystalline material was 20 mg.; on the basis of the 
colour formed with Ehrlich’s reagent in acid solution this 
material was 97% pure PBG. The crystalline material was 
also subjected to paper chromatography, using the butanol- 
acetic acid solvent system of Campbell, Work & Mellanby 
(1951). Its R, value in this solvent was identical with that 
of crystalline PBG isolated both from rabbit urine and 
from human urine. 


Balance experiment. Table 6 shows an experiment 
in which the disappearance of ALA and the 
appearance of PBG were followed simultaneously, 
in the presence of purified dehydrase. The quotient 
of ALA lost over PBG formed is close to the 
theoretical value of 2 at different times after the 
start of the reaction. In addition, in the experiment 
described in Table 6, 85% of the ALA was con- 
verted into PBG, indicating that the equilibrium of 
the reaction is in favour of PBG formation. 


Table 6. Balance experiment 


Incubation at 38°: 0-067m phosphate buffer, pH 6-7, 
0-08 ml. of purified ALA dehydrase (= 116 yg. of protein N), 
0-014m GSH; fluid volume 11-8 ml. Activation for 1 hr.; 
0-2 ml. of ALA solution added (=2-34ymoles of ALA). 
Samples (1-0 ml.) for ALA determination deproteinized by 
addition of 0-3 ml. of 20% TCA; samples (2-0 ml.) for PBG 
estimation poured into 2 drops of saturated CuSO, soln. 


Total ALA Total 
Time ALA lost PBG ALA lost 
(min.) (pmoles) (pmoles) (pmoles) PBG formed 
0 2-34 — 0 _— 
45 1-06 1-28 0-67 1-91 
90 0-63 1-71 0-89 1-92 
150 0-35 1-99 1-02 1-95 


Properties of the purified dehydrase 


The solution of purified enzyme obtained above 
was subjected to electrophoresis in sodium diethyl- 
barbiturate—HCl buffer, pH 8-42, ionic strength 0-2 
at 2°. The protein migrated as one component 
over a period of 2-5hr. Scanning photographs 
of the ascending and descending boundaries are 
shown in Fig. 2. The mobility has not been 
determined. 
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Sulphydryl nature of the enzyme 


After the fourth or fifth step in the purification 
no activity is obtained unless the preparation is 
previously activated with a sulphydryl reagent. 
GSH and CySH are both effective activators 
(Gibson, 1955), but ascorbic acid and Na,S,O, do 
not activate; this is shown in Table 7. BAL has 


male 
when se 


Fig. 2. Electrophoresis scanning photographs of ascending 
and descending boundaries; Perkin-Elmer Tiselius 
apparatus, model 38. Protein concen. 0-91% (w/v) in 
sodium barbitone—-HCl buffer, pH 8-42, J 0-2 (0-02m 
sodium barbitone, 0-0053N-HCl, 0-18m-NaCl). Field 
strength 1-9 v/em. (1) Ascending boundary, 90 min.; 
(2) descending boundary, 90min.; (3) ascending 
boundary, 150 min.; (4) descending boundary, 150 min. 


Table 7. Activation of ALA dehydrase 


Incubations at 38°; 0-067mM phosphate buffer, pH 6-8, 
0-1 ml. of partially purified ALA dehydrase (step 4; A, 
0-880; N, 3-90), activator as indicated; liquid volume 
3-0 ml. Activation for 45 min.; 0-33 ml. of 0-Im ALA 
added from side arm. Reaction stopped with colloidal 
Fe,0, and CuSO,. 


Activity 
Activator (umole PBG/hr.) 
None 0-02 
Na,S,0, (0-009 m) 0-00 
Ascorbic acid (0-009m) 0-01 
GSH (0-011m) 0-44 
CySH (0-007 m) 0-31 


been found to activate the enzyme, but thiogly- 
collic acid does not do so. The time course of the 
activation by GSH is shown in Fig. 3, from which it 
appears that activation is virtually complete in 
lhr. The effect of concentration of GSH on the 
activation of the purified enzyme is shown in 
Fig. 4. A concentration of 0-01m GSH produces 
nearly maximal activation under these conditions. 

Table 8 shows the inhibition by two thiol in- 
hibitors of a crude preparation of dehydrase. This 
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preparation, which was partially active without a 
thiol activator, was completely inhibited by 
10-*m p-chloromercuribenzoate or iodoacetamide. 
However, the inhibition was partially reversed by 
the addition of an equimolar amount of GSH. 
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Fig. 3. Activity and time of activation. Incubations at 
38°: 0-067mM phosphate buffer, pH 6-7, 0-01m GSH, 


0-01 ml. of purified enzyme (=14-6yg. of protein N); 
liquid volume 3-0 ml. Activation for periods as shown; 
then 0-33 ml. of 0-lm ALA added. Reaction stopped 
after 10 min. by pouring into 2 drops of saturated CuSO,. 
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Fig. 4. Activity and concentration of GSH. Incubations 
at 38°: 0-067m phosphate buffer, pH 6-7, 0-01 ml. of 
purified enzyme (=14-6 yg. of protein N), GSH concen- 
tration as shown; liquid volume 3-0 ml. Activation for 
1 hr.; 0-33 ml. of 0-Im ALA added. Reaction stopped 
with CuSO,. 





Kinetics 
Progress curve. The progress curve in Fig. 5 was 
obtained with a partially purified preparation of 
the dehydrase. The amount of PBG formed was 
proportional to the time at least up to 2 hr. at 38°. 
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Table 8. Inhibition of ALA dehydrase by thiol inhibitors 


Incubations at 38°: 0-067 m phosphate buffer, pH 6-8, 1-0 ml. of heat-treated extract of acetone-dried ox liver (= 2-02 mg. 
of protein N), inhibitors and GSH as indicated; liquid volume 3-0 ml. Activation for 1 hr.; 0-33 ml. of 0-I1m ALA added 
from side arm. Reaction stopped with colloidal Fe,0,; and CuSQ,. 


p-Chloromercuri- 


Glutathione benzoate Iodoacetamide Activity Inhibition 
(m) (m) (m) (umole PBG/hr.) (%) 
10-2 a ae 0-270 in 
= as ale 0-154 0 
— 10-8 — 0-002 99 
10% 10-8 — 0-122 21 
—- — 10-3 0-005 97 
ic — 10-8 0-064 61 
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Fig. 6. Activity and enzyme concentration. Incubations 
02 at 38°: 0-067m phosphate buffer, pH 6-8, 0-05m CySH, 
purified ALA dehydrase (N, 2-30) as shown; liquid 
volume 7-4ml. Activation for l hr.; then 0-1 ml. of 
0-1m ALA added. Samples of 2 ml. removed into 2 drops 
of saturated CuSO, solution at varying times, and 
01 initial reaction rates calculated from PBG formed. 
0 ' 0-25 
0 05 10 15 20 
Time (hr.) 0-20 ° 
Fig. 5. Progress curve. Incubations at 38°: 0-067M s 
phosphate buffer, pH 6-8, 0-2 ml. of partially purified oO 
dehydrase (step 4; N, 2-65), 0-01mM GSH; liquid volume 2 015 
3-0 ml. Activation for 1 hr.; 0-33 ml. of 0-I1m ALA added. | 
Reaction stopped with colloidal Fe,O, and CuSO,. Each 4 0-10 ° 
point represents a separate incubation. . 
aL 
Scoke 0-05 
Enzyme concentration and initial velocity. The 
initial reaction rate was found to be proportional 
to the concentration of dehydrase over a 24-fold 0 55 60 65 70 75 80 85 90 
range, at pH 7-0 and 38°. This is shown in Fig. 6. pH 


H 1 initial velocity. Th iati f initial 
pt nd Gatien ere. ae Seen OF See Fig. 7. Activity and pH. Incubations at 38°: buffer as 


velocity with pH is shown in Fig. 7. There is @ i dicated, 0-01 GSH, 0-01 ml. of purified ALA dehydrase 
fairly marked optmum at pH 6-7, with a sharp (=14-6 pg. of protein N); liquid volume 3-0 ml. Activa- 
decrease on the acid side and a more gradual slope _ tion for 1 hr.; 0-33 ml. of 0-Im ALA added. Reaction 
on the alkaline side. This agrees with the observa- stopped with CuSO,. (4, 0-I1m Acetate buffer; O, 
tion of Granick (1954) on the pH-activity curve of 0-067m phosphate buffer; A, 0-1m barbitone buffer. 
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ALA dehydrase from chicken erythrocytes. The 
curve in Fig. 7 was obtained at a concentration of 
ALA of 10-*M; since this is about 60 times the value 
of ‘K,,’ the curve probably represents a close 
approximation to the effect of pH on the maximal 
initial velocity. 

Substrate concentration and initial velocity. Fig. 8 
is a plot of the reciprocal of the initial velocity 
against the reciprocal of the concentration of ALA, 
at pH 6-7 and 38°. The plot is linear within experi- 
mental error. The value of ‘K,,’ determined from 
the intercept on the abscissa is 1-6 x 10-4m. The 
maximum initial velocity (determined from the 
ordinal intercept) was 18-1 pmoles of PBG/hr./mg. 
of protein-N, under these conditions. 





12 14 16 


0 2 4 6 4 8 
10/s 

Fig. 8. Activity and substrate concentration. Incubations 
at 38°: 0-067m phosphate buffer, pH 6-7, 0-0lm GSH, 
0-01 ml. of purified ALA dehydrase (=14-6 yg. of protein 
N); liquid volume 2-8 ml. Activation for 1 hr.; ALA 
added as shown, in 0-2 ml. of water. Reaction stopped 
with CuSO,. Results plotted as 1/v and 1/s; v (initial 
reaction rate) expressed as pmoles of PBG formed/hr.; 
s expressed as molar concentration of ALA. 
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Specificity 

No Ehrlich-positive compound is formed when 
ALA dehydrase is incubated with aminoacetone, 
«#5-diaminolaevulic acid or 6-amino-5-oxohexanoic 
acid (Table 9). The possibility that any of them is in 
fact a competitive inhibitor has not been investi- 
gated in detail, but it can be inferred from Table 9 
that probably none of them has a high affinity for 
the enzyme. It is also possible that mixed por- 
phobilinogens could be formed from ALA in the 
presence of any of the compounds, but this again 
has not been looked into. 


Inhibition 
A variety of compounds have been tested for 


their effect on ALA-dehydrase activity. The results 
obtained with several metals are summarized in 


40 
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Table 10; a crude preparation was used because it 
does not require thiol activation. The metals fall 
into three groups, consisting of (1) Cu?+, Hg?+ and 
Agt, which inhibit completely at a molarity of 
10-*; (2) Zn?+, which inhibits about 50%, and 
Pb?+, which inhibits slightly at 10-*m concentra- 
tion; (3) other metals, which do not inhibit at all 
at this concentration. The first groups of metals 





Table 9. Action of ALA dehydrase on compounds 
related to ALA 


Contents of Thunberg tubes: 0-067m phosphate buffer, 
pH 6-8, 0-01m GSH; liquid volume 3-0 ml. For the experi- 
ment with aminoacetone, 0-01 ml. of purified enzyme 
(A, 45-2; N, 2-30) was used; for that with «3-diamino- 
laevulic acid, 0-1 ml. of partially purified enzyme (step 6; 
A, 1-50; N, 4-30); and for that with 6-amino-5-oxohexanoic 
acid, 0-5 ml. of a heat-treated extract (step 3; A, 0-220; NV, 
1-90). Activation for 1 hr. at 38°; then contents of side arm 
added as indicated. Reaction stopped with CuSO,. 


Contents of side arm 


(mi. 0-1m) 
—--——_——"_ Activity 
ALA Aminoacetone (pmole PBG/hr.) 
0-33 = 0-442 
_- 0-33 0-000 
0-33 0-33 0-372 
«8-Diamino- 
ALA laevulic acid 
0-03 — 0-146 
— 0-03 0-000 
0-03 0-03 0-125 
0-03 0-09 0-109 
6-Amino-5- 
ALA oxohexanoic acid 
0-1 — 0-108 
— 0-2 0-001 
0-1 0-2 0-073 


Table 10. Effect of some metals on 
crude ALA dehydrase 


Contents of Thunberg tubes: 0-067m phosphate buffer, 
pH 6-8, 1-0 ml. of heat-treated extract of acetone-dried ox 
liver (step 2 of purification procedure; A (without thiol 
activator), 0-114; N, 2-35); and 10-°m metal as indicated; 
liquid volume 3-0 ml. After equilibration at 38°, 0-33 ml. of 
0-1m ALA added from side arm. Reaction stopped with 
colloidal Fe,O, and CuSQ,. 


Percentage 
Metal added of maximal activity 
Cu?+ 0 
Hg?+ 0 
Ag* 0 
Zn?+ 55 
Pb?+ 80 
Fe*+ 100 
Mg?+ 100 
Mn?* 100 
Ca?+ 100 
Ba?*+ 100 
Sr2+ 100 
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would be expected to inhibit the dehydrase if it 
were a thiol enzyme. The inhibition by Zn?* has also 
been observed with more purified preparations. 
This is shown in Table 11, where the effects of 
Fe*+ and Mg** on the same preparation are 
described. It can be seen that Zn?+ inhibits to a 
large extent at 3-3 x 10-*m, whereas Mg?+ and Fe?+ 
have very little effect at this concentration. 

The other compounds which have been tested for 
inhibition of the dehydrase are either thiol in- 
hibitors or metal-chelating agents. Of the four 
thiol inhibitors studied, the effect of two has 
already been described (Table 8). The third such 
compound, sodium arsenite, was found not to 
inhibit the enzyme at all at molarities from 10-5 to 
10-?; this was true at all stages of purification, 
whether activated with GSH or not. Finally, 
sodium fluoride was found not to inhibit at concen- 
trations up to 10-*m. Several metal-chelating 
agents have been tested for their effect on the 
enzyme, but only three have been found to have 
any effect. The inhibition of the purified enzyme by 
disodium ethylenediaminetetraacetate is shown in 
Fig. 9, where it is found that 50 % inhibition occurs 
at a molarity of about 5-5 x 10-*. The other chelat- 
ing agents which affected ALA dehydrase were 
8-hydroxyquinoline-5-sulphonic acid and 8-hydr- 
oxy-7-iodoquinoline-5-sulphonic acid, which both 
inhibited a heat-treated acetone-powder extract 


Table 11. Inhibition of purified dehydrase 
by Zn?*+, Fe*+ and Mg?* 


Contents of Thunberg tubes: 0-067m phosphate buffer, 
pH 6-8, 0-05 ml. purified dehydrase (=36-7 wg. of protein 
N), 0-01m GSH, metal as indicated; liquid volume 3-0 ml. 
Activation for 1 hr.; then 0-33 ml. 0-1m ALA added from 
side arm. Reaction stopped with CuSOQ,. 


Concentration Activity Inhibition 
Metal added (M) (umole PBG/hr.)  (%) 
None -— 0-180 0 
Zn?+ 3-3 x 10-4 0-049 73 
Zn?+ 10-% 0-015 92 
Fe?+ 3-3 x 10-4 0-174 3 
Fe*+ 10-% 0-052 71 
Mg** 3-3 x 10-4 0-168 7 
Mg?* 10-3 0-082 55 
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about 80% at 10-°m concentration. This was also 
true in the presence of excess of Fe*+; it seems 
possible that the inhibition may be due to the 
presence of the sulphonic acid group rather than to 
any chelating properties of these compounds. In 
support of this, 8-hydroxyquinoline, 8-hydroxy- 
quinaldine, quinaldinic acid and picrolonic acid 
were all found to have no effect on the same pre- 
paration. In addition, it was found that neither 
KCN nor NaN, caused any inhibition of these 
preparations at molarities up to 10-?. 

ALA dehydrase has been found to be completely 
inactive in aminotrishydroxymethylmethane (tris) 
buffer, although it is active in mixtures of tris and 
phosphate, or of tris and arsenate, at the same pH 
value. This effect is shown in Table 12, from which 
it can be seen that even when the tris concentration 
is nine times that of the phosphate or arsenate, 
there is no diminution in activity. However, the 
enzyme does not have a specific requirement for 
phosphate or arsenate, being active in bicarbonate 
buffer as well as in acetate or veronal (see 
Fig. 7). 
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Fig. 9. Inhibition of ALA dehydrase by disodium ethy]- 
enediaminetetraacetate (EDTA). Incubations at 38°: 
0-067m phosphate buffer, pH 6-8, 0-05 ml. of purified 
enzyme (A, 1-36; N, 0-19), 0-0lm GSH, EDTA as 
indicated; liquid volume 3-0 ml. Activation for | hr.: 
then 0-33 ml. of 0-l1m ALA added. Reaction stopped 
with CuSO,. 





Table 12. Effect of tris buffer on ALA dehydrase 


Contents of Thunberg tubes: buffer as indicated, 0-07 ml. of purified enzyme (= 13-3 yg. of protein N), 0-01m GSH; liquid 
volume, 3-0 ml. Activation for 1 hr. at 38°; then 0-33 ml. of 0-1m ALA added from side arm. Reaction stopped with 





CuSO,. 
Buffer, pH 7:3 
—- A Activity 
Phosphate Arsenate Tris (umole PBG/hr.) 
6-67 x 10-2 _— _— 0-062 
6-67 x 10-°m — 6-0 x 10-°u 0-061 
— 6-67 x 10-°u — 0-034 
= 6-67 x 10-3m 6-0 x 10-°m 0-036 


6-67 x 10-2 0-002 
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DISCUSSION 


Distribution of dehydrase activity 


If §-aminolaevulic acid and porphobilinogen are 
both on the main pathway of biosynthesis of 
porphyrins, it is to be expected that the enzyme 
catalysing the conversion of one into the other will 
be widely distributed in nature. The distribution 
studies reported here bear out this view. All the 
tissues and organisms tested have a metabolism 
which is at least partly aerobic and possess a 
cytochrome spectrum of some type, and hence 
should be able to synthesize porphyrins; and each of 
them has been found to possess §-aminolaevulic 
acid-dehydrase activity to a greater or less extent. 
It also seems that the amount of such activity may 
be broadly related to the extent of porphyrin 
synthesis in the tissue concerned. In the rat and 
rabbit there is more activity in tissues in which 
haem or porphyrins are produced in quantity, such 
as bone marrow and rat Harderian gland, than in 
other tissues, such as muscle, brain or lung. This is 
shown also by the increased activity in the spleen 
of anaemic rabbits, since it is known that consider- 
able haemopoiesis occurs in this organ in anaemia 
(Jordan, 1942). The increased activity of the blood 
in this condition is most probably due mainly to the 
large proportion of reticulocytes which it contains. 
The large activity of the liver in rabbits, rats and 
pigeons reflects the importance of this tissue in 
porphyrin metabolism, a point which has been 
emphasized recently by Goldberg & Rimington 
(1955) (see also Prunty, 1945; Watson, Schwartz & 
Hawkinson, 1945). The increase in dehydrase 
activity of both liver and kidney after administra- 
tion of Sedormid is in keeping with the conclusion 
reached by Goldberg & Rimington (1955) that the 
porphyrins excreted in this condition arise from 
increased formation rather than from reduced 
breakdown of porphyrins. 

It seems probable that in vivo the dehydrase 
normally exists in solution in the cytoplasm, at 
least in liver. As shown in Table 5, all the activity 
of a rat-liver homogenate can be recovered in the 
soluble fraction of the cytoplasm, whereas none is 
found in the particulate fractions, and at most only 
a trace in the nuclei. The complete stability of the 
enzyme to acetone drying is in keeping with this 
deduction. 

Product of the reaction 


The experiments described here, together with 
others reported by Granick (1954) and Schmid & 
Shemin (1955), leave no doubt that the product of 
the reaction catalysed by 5-aminolaevulic acid 
dehydrase is porphobilinogen. The isolation of a 
crystalline substance, indistinguishable from por- 
phobilinogen obtained by other means, from an 
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incubation mixture containing 4-aminolaevulic 
acid and the dehydrase has been described above; 
and both these groups of workers have reported 
almost identical experiments. Schmid & Shemin 
(1955) have found that porphobilinogen formed 
from [#4C]$-aminolaevulic acid in the presence of 
their enzyme preparation has double the molar 
specific activity of the aminolaevulic acid, as 
expected. In Table 6, it is shown that the disap- 
pearance of §-aminolaevulic acid catalysed by the 
purified dehydrase is accompanied by the appear- 
ance of an equivalent amount of porphobilinogen as 
judged from the Ehrlich colour. From all these 
lines of evidence it can be concluded that 5-amino- 
laevulic acid dehydrase catalyses the reaction 
formulated in Fig. 1. 


Properties of the enzyme 


In its behaviour during purification, and in 
experiments, not reported here, on the effect of 
dialysis, the dehydrase appears to possess the 
properties of a euglobulin. It is precipitated com- 
pletely by 55% saturated ammonium sulphate; it 
is also precipitated by dialysis against solutions of 
low ionic strength in the pH range 4-5-6-5, but is 
brought into solution readily at ionic strengths 
above about 0-02. The electrophoresis pattern in 
Fig. 2 might indicate that under a particular set of 
conditions there was only one component present in 
one batch of the purified enzyme. However, the 
A/N quotient of this batch was not as high as has 
been obtained in at least two other experiments. It 
seems likely that there was present some other 
material, possibly an inactive form of the same 
protein, which cannot be separated from the 
dehydrase by electrophoresis under the conditions 
used. 

The kinetic studies described here present no 
exceptional features, apart from the asymmetry of 
the pH-activity curve. The value of ‘K,,’, the 
theoretical interpretation of which constant seems 
open to question (Gibson, 1955), is in the usual 
range of values reported for this constant, and 
indicates a moderately high affinity of the enzyme 
for its substrate. 

There is little doubt that the dehydrase is a 
thiol enzyme. The fact that addition of a thiol 
reagent is necessary in order to secure any activity 
after the third or fourth step in the purification, 
together with the inhibition by p-chloromercuri- 
benzoate and iodoacetamide, are strong evidence 
that the enzyme possesses SH groups which are 
essential for activity. The reversal by glutathione 
of the inhibition by these two compounds and the 
inhibition by copper, mercury and silver are 
further confirmation. The thiol nature of the 
enzyme has also been recognized by Schmid & 
Shemin (1955). Attention should be drawn to the 
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ease with which ALA dehydrase undergoes re- 
versible oxidation. Extreme care must be exer- 
cised in the early stages of purification if oxidation 
is to be avoided, and no preparation has been 
obtained which was active without thiol reagents 
after adsorption on calcium phosphate gel. Rather 
a high concentration, about 0-02M, of glutathione 
or cysteine is necessary in order to secure maximal 
activity, even after activation for one hour. How- 
ever, reduction proceeds quite rapidly at a given 
concentration of activator, over 80% of the 
activity being present after incubation for 20 min. 
in the presence of the thiol reagent. 

It has not yet proved possible to obtain any con- 
clusive evidence as to the existence of a prosthetic 
group of $-aminolaevulic acid dehydrase. Attempts 
to split off a co-factor by dialysis at pH values 
between 4-5 and 8-5 and at ionic strengths from 
zero to 0-2 have so far been fruitless. There is no 
indication of the presence of a light-absorbing 
prosthetic group from the ultraviolet absorption 
spectrum of the purified enzyme (Gibson, 1955). 
The inhibition by ethylenediaminetetraacetate, 
which is complete at 10-*m and nearly 50% at 
5 x 10-*m, might indicate that the enzyme contains 
a bound metal, since it is unlikely that inhibition 
would be found at such low concentrations unless 
some form of chelation were involved. However, 
the negative results obtained with other chelating 
agents must throw some doubt on this conclusion. 
No activating effect has been found at any time 
with any compound other than a thiol reagent. 

The effect of tris buffer on the enzyme is inter- 
esting but obscure. The experiment described in 
Table 12 recalls the observation of Lampen & 
Wang (1952) that the pyrimidine nucleosidase of 
Lactobacillus pentosus was rapidly inactivated in 
tris buffer but was protected from this inactivation 
by arsenate or phosphate. However, if the same is 
true of aminolaevulic acid dehydrase, the effect in 
this case cannot be due solely to the valency of the 
buffer anion as postulated by Lampen & Wang for 
the pyrimidine nucleosidase, since the dehydrase is 
active in bicarbonate, acetate and diethyl barbi- 
turate. In fact tris is the only buffer in which the 
dehydrase has so far been found to be totally 
inactive. 


SUMMARY 


1. The purification of an enzyme catalysing the 
condensation of 5-aminolaevulic acid to porpho- 
bilinogen is described. The enzyme has been 
purified 270-fold when acetone-dried ox liver was 
used as starting material. The purified material 
behaved as one component on electrophoresis at 
pH 8-4. 

2. The product of the reaction has been isolated 
and identified as porphobilinogen, and evidence was 
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obtained that no other Ehrlich-positive compound 
is formed. 

3. The enzyme is widely distributed in nature 
and is probably present in all cells having an aerobic 
metabolism. In mammals activity is highest in the 
liver, but kidney and bone marrow are also fairly 
active. The activity of liver appears to be confined 
to the soluble part of the cytoplasm. 

4. In anaemia produced by phenylhydrazine the 
activity of the spleen and blood was found to be in- 
creased threefold. Experimental porphyria pro- 
duced by Sedormid was associated with a twofold 
rise in activity in the liver and kidney. 

5. After the fourth stage in the purification the 
enzyme required cysteine or glutathione for 
activity. The activity of crude preparations 
which do not have this requirement was abolished 
by thiol inhibitors. These and other facts strongly 
indicate that the enzyme requires thiol groups for 
activity. 

6. Ethylenediaminetetraacetate has been found 
to inhibit strongly, but no requirement for a metal 
had so far been established. The enzyme has been 
found to be inactive in the presence of aminotris- 
hydroxymethylmethane under certain conditions. 

7. The enzyme does not act on aminoacetone, 6- 
amino-5-oxohexanoic acid and «5-diaminolaevulic 
acid. 

8. The kinetics of the enzyme-catalysed reaction 
have been investigated. The pH optimum at 38° is 
6-7 and K,,, at pH 6-7 and 38° is 1-4 x 10-*m. 

Our thanks are due to Dr G. H. Cookson and Professor 
C. Rimington, F.R.S., for allowing us to use their method of 
PBG estimation before it had been published, to Dr L. 
Shuster for his assistance and advice in the later stages of 
this work, and to Mr F. Grover, Mr C. Hill and Mr B. L. 
Wright for their competent technical assistance. We are 
indebted to Dr C. G. Pope of the Wellcome Research 
Laboratories, Beckenham, Kent, for supplying us with a 
strain of Corynebacterium diphtheriae, to Dr J. Mandelstam 
of this Institute for a culture of Bact. cadaveris, and to 
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Zone Electrophoresis in Starch Gels: Group Variations 
in the Serum Proteins of Normal Human Adults 
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The theoretical advantages of zone electrophoresis 
over free-boundary electrophoresis are well known: 
freedom from quantitatively important boundary 
anomalies, the possibility of preparing electro- 
phoretically discrete proteins, and adaptability to 
small quantities of material. However, the two 
zone-electrophoresis methods at present in general 
use do not give a resolving power as great as the 
free-boundary method of Tiselius; the resolving 
power of the filter-paper-electrophoresis method of 
Kunkel & Tiselius (1952) is reduced by the difficulty 
of putting the sample to be investigated on the 
paper in a sufficiently narrow zone and by ad- 
sorption effects, and obligatory serial analyses 
limit the resolving power obtainable with the 
starch-grain method of Kunkel & Slater (1952) 
because of the difficulties of making sufficiently 
thin serial sections. A method of zone electro- 


phoresis was therefore sought which would com- 
bine the advantages of the low adsorption character- 
istic of the starch-grain method with the con- 
venience of protein detection by staining character- 
istic of the filter-paper method. At the same time, 
by introducing the sample in a sufficiently narrow 
zone, it was hoped to obtain a resolving power as 
good as that obtained in the classical Tiselius 
method. 

The method evolved comprises zone electro- 
phoresis with a starch gel as the supporting 
medium, and proves to have a resolving power in 
many cases superior to that of the Tiselius method. 
The method has been successfully applied to 
crystalline B-lactoglobulin, which can be resolved 
into its two main components (Smithies, O., 
unpublished work), to cabbage-enzyme prepara- 
tions (Dixon, G. H. & Smithies, O., unpublished 
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work) and to the serum proteins of normal adult 
humans. As indicated in a preliminary publication 
on the serum-protein separations obtained by the 
present method (Smithies, 1955), sera from normal 
human adults are found to fall into three groups, 
according to the presence or absence of various 
previously undescribed components. 

The present paper describes the general experi- 
mental procedures of this new type of zone electro- 
phoresis, and gives the specific conditions used in 
investigating the serum proteins. The serum results 
are considered in detail in the discussion, and the 
method as a whole is discussed. 


EXPERIMENTAL METHODS 


General. A starch gel containing the desired buffer is 
prepared in a suitable plastic tray. The sample is introduced 
into a vertical slit in the gel at right angles to the greatest 
length of the gel. Electrical contact is made to the ends of 
the gel with filter-paper wads, soaked in a suitable buffer 
solution, which dip into vessels containing the same solu- 
tion. Filter-paper bridges in turn connect these vessels to 
the electrode chambers. Current is passed for the required 
time. The gel is then removed from the tray and sliced 
along its length in a horizontal plane, and the slices ob- 
tained are stained with a protein dye. After washing with 
dye solvent the stained, separated proteins may be ob- 
served. Fig. 1 shows the general layout of the apparatus. 
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suspended in 600 ml. of acetone-HCl (1 vol. of concen- 
trated HCl to 100 vol. of reagent-grade acetone) at 38-5°. 
After standing for 45 min. without further mixing, 150 ml. 
of aqueous M sodium acetate was added to stop the reaction. 
The starch was then filtered off on a Biichner funnel and 
washed thoroughly with distilled water. To remove any 
traces of acetate still remaining, the starch was re- 
suspended in distilled water, allowed to stand overnight, 
washed again with distilled water on a Biichner funnel, 
dehydrated with acetone and finally dried thoroughly at 
45-50°. 

The temperature coefficient of the hydrolysis is con- 
siderable, so that the temperature should be-carefully con- 
trolled. Potato starches from different manufacturers 
vary in their properties: some could not be made satis- 
factory for serum electrophoresis and others required 
different hydrolysis times. Small differences in the electro- 
phoretic behaviour of different batches may be removed by 
varying the starch and/or buffer concentrations. The 
changes produced in these ways are considered in the dis- 
cussion of the factors controlling the spreading ofalbumin 
during the electrophoresis. A starch prepared in the manner 
described here gave satisfactory results when used at 14 g./ 
100 ml. of borate buffer (in place of the usual 15 g./100 ml.), 
with a concentration of 0-025m total borate (in place of 
0-03 total borate). 

The buffer solutions used to make the gel can be varied 
widely; gels with pH values ranging from 3 to 9 have been 
successfully employed. Because of traces of acid in the 
starch the pH of the gel is not the same as that of the buffer 
employed to make it, but if necessary this pH change can 





Fig. 1. General layout of apparatus. A, Ag/AgCl electrode; B, concentrated NaCl solution in electrode compartment; 
C, filter-paper bridges soaked in bridge solution; D, compartment containing bridge solution; H, starch gel 
contained in plastic tray; F’, position of sample insertion; G, seal to prevent loss of water during electrophoresis. 


Composition and preparation of the gels. The starch used 
in the present work was reagent-grade soluble starch 
supplied by Merck and Co. Ltd., Montreal, Quebec, Canada. 
Gels can be made from this starch at concentrations of from 
about 10 g. of starch/100 ml. of buffer up to at least 16 g./ 
100ml. A concentration of 15g. of starch/100 ml. of 
buffer gives a final gel of considerable strength, yet the hot 
solution is not too viscous to handle during preparation. 
This concentration was most frequently used. Further 
supplies of this soluble starch proved erratic in their gelling 
properties. As an alternative, soluble starch with the 
required characteristics has been made as follows: 300 g. 
of B.D.H. (British Drug Houses Ltd.) potato starch was 


be reduced by washing the starch grains before use with 
suitable buffer, followed by distilled water, and dehydration 
with acetone. In the present work the starch as supplied 
by the manufacturers was used and the initial buffer pH 
was adjusted to give a gel of the pH required. If low ionic- 
strength buffers are employed, relatively high voltage 
gradients may be used during the electrophoresis without 
appreciable heating. 

To a weighed amount of the soluble starch the requisite 
amount of buffer is added, and the mixture is heated over a 
naked flame in a conical flask with constant and vigorous 
swirling. The contents of the flask are brought to a point, 
just short of boiling, when the starch grains are ruptured 
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and a viscous homogeneous solution is obtained. The flask 
is then removed from the flame. The swirling is continued 
for a few moments to ensure a uniform temperature and, in 
order to remove small air bubbles, a negative pressure is 
then applied with a filter pump until the whole contents 
boil vigorously. The time of boiling is kept as short as 
possible (1—2 sec.) so that loss of water will not appreciably 
affect the composition of the gels. Standard conditions are 
essential at this point if the gels are to be reproducible, and 
are more easily obtained if the gels are prepared in fixed 
quantities in suitably sized flasks (e.g. 100 ml., made in 
a 500 ml. flask). 

The hot starch solution is poured into a suitable plastic 
tray described below and immediately covered with a 
flexible plastic sheet (1-3 mm. polyethylene sheet was used) 
whose surface has been previously coated with a thin film of 
mineral oil. Air bubbles are avoided by lowering the sheet 
from one end. Samples of the gel are then taken from the 
same flask for pH measurements by two-thirds filling the 
small cylindrical vessels used with the Beckman pH meter 
and immediately sealing with Parafilm sheet (Marathon 
Corporation, Menasha, Wisconsin, U.S.A.). Excess of gel in 
the tray is then squeezed out by pressing on the poly- 
ethylene with a rigid plastic sheet, and the gel is allowed to 
cool. Gels are generally used on the same day as they are 
prepared. If the polyethylene seal is maintained intact 
they are found to be satisfactory when made 1 or 2 days 
previously, although their electrophoretic behaviour is then 
found to be similar to that of fresh gels containing less 
starch (see below for a description of the effect of the starch 
concentration on serum electrophoresis). 
= Introduction of the sample. Excess of gel is trimmed from 
the edges of the tray and the gel is exposed by stripping off 
the polyethylene seal. The sample may then be introduced 
into the gel in several ways: 

(a) On filter paper. In this method a transverse cut is 
made in the gel, usually a third of the length from the left- 
hand end, with a rigid razor blade broken so as to be just 
a little smaller than the width of the gel (single-edged 
razor blades were found most suitable for this and other 
gel-cutting purposes). The razor blade is then used to 
compress the gel to the left away from the cut to form 
a slot about 5mm. wide, and the blade is withdrawn. 
A piece of filter paper cut accurately to the cross-section of 
the gel and soaked in the sample is then introduced into the 
slit and allowed to adhere to the undisplaced cut surface of 
the gel. Air bubbles between the gel surface and the paper 
can be avoided if a little excess of liquid is present. The 
displaced section of the gel is then caused to close up to the 
other surface of the paper by returning it to its original 
position with a spatula introduced between the edge of the 
gel and the tray. Air bubbles should again be avoided. 

This method of sample int ction is ideal for material 
available only in small quantities, provided that it does 
not show marked adsorption on filter paper, since practic- 
ally no wastage of material occurs. As little as 0-02 ml. of 
sample on Whatman paper (no. 3) has been successfully 
used with small gels. It is also very well adapted to com- 
paring different samples: up to four samples have been 
compared on a single 25 mm. gel with small pieces of filter 
paper each soaked in a different sample and arranged across 
a single slit. In this way very slight differences between 
samples can be detected, as the components common to all 
samples give uninterrupted bands across the gel, while any 
additional (or absent) components show as bands only 
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opposite the respective papers. It is essential that the 
paper(s) fit the gel exactly, otherwise edge-effects will be 
present. 

(b) In a simple slit. A slit is made in the gel with a razor 
blade which is then withdrawn. A thin celluloid spacer, in 
which is cut a rectangular hole a little smaller than the 
cross-section of the gel, is introduced into the slit. This 
holds open in the middle of the gel a space which is sealed 
along its edges by the cut gel surfaces in contact with the 
spacer. The top of the spacer is then slightly displaced so 
that the sample can be run into this space from a drawn-out 
glass tube. Excess of liquid is removed. This technique is 
useful chiefly to demonstrate that the supporting material 
[filter paper, or inert powder—-see (c)] does not affect the 
results. It suffers in that edge-effects are usually present 
and, if the protein solution is at all concentrated, eleetro- 
decantation effects may also be present, leading to non- 
vertical boundaries in the protein zones. 

(c) In a slot cut in the gel and filled with inert supporting 
material. A suspension of an inert supporting medium is 
made in the protein solution to be studied; this is drawn up 
into a Pasteur pipette and allowed to settle with the 
pipette in a vertical position. A slot is then cut out of the 
gel by making two parallel transverse cuts in the gel with 
two razor blades mounted together and separated by a 
distance equal to the width of the slot required (1-5 mm. 
slots have been used). The small block of gel so cut off is 
removed with a bent flattened probe. The gel is not dis- 
placed in the longitudinal direction in any way during the 
cutting out of the slot, so that no protein solution can run 
under the gel or along its edges. The partially settled sus- 
pension is then run into the slot and any excess of liquid 
remaining after the suspension settles completely is 
removed with filter-paper wicks applied to the lateral 
extremities of the slot. More suspension is added if 
necessary, until a uniformly packed block of the suspension 
is obtained. The slot is carefully sealed with a glass micro- 
scope slide, previously coated with a uniform film of 
petroleum jelly, so that no air bubbles are trapped in the 
slot yet no excess of protein solution lies on top of the gel. 
This method is the best procedure for preparative work as it 
gives zones which have vertical boundaries without any 
edge effects. However, results fairly satisfactory in this 
respect may also be obtained with the filter-paper technique 
if care is taken to fit the paper accurately and if the slit is 
sealed with a microscopic slide in the same way as for 
suspensions. 

Various supporting substances were tried: microscopic 
glass spheres of the type used for traffic signs, microscopic 
polymethacrylate spheres, and starch grains. The glass 
spheres showed indications of adsorption phenomena with 
serum and the suspension of plastic spheres had a high 
electrical resistance. Starch grains were found to be com- 
pletely satisfactory and gave results with serum essentially 
equivalent to a simple slit. For the most precise work 
starch grains of a narrow size distribution were used, so 
that the packing throughout the vertical extent of the slot 
should be uniform. These were prepared from 30—40 g. of 
crude potato starch by suspending the starch grains in 
acetone in a 250 ml. measuring cylinder and discarding the 
supernatant after settling for 2min. The residue after 
repeating this process three more times was dried at about 
45° and was used for the sample insertion. 

Satisfactory introduction of the sample is of primary 
importance for obtaining good results, so that considerable 
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care should be exercised at this stage of the procedure. The 
author found that a little practice with ink in place of the 
sample greatly improved his technique in this respect. 

Protection and cooling of the gels. During electrophoresis 
the gels must be protected from loss of water by evapora- 
tion. Two methods have been used: A layer of mineral oil 
can be poured on the exposed surface of the gel after 
introducing the sample and making the filter-paper bridge 
connexions, or liquefied petroleum jelly can be poured on 
the exposed surface and allowed to solidify. In the latter 
method the temperature of the petroleum jelly should be 
kept as low as possible and contact of the warm liquid with 
the sample should be avoided. (The microscopic slide seal 
prevents this.) In either case the gels should be left exposed 
to the air for the minimum time necessary to introduce the 
sample. 

Heating difficulties are slight with the buffers and voltage 
gradients used in the present work with serum. Thus with 
a gel of 20 mm. x 7 mm. cross-section at 6v/cm. the running 
temperature is only about 2-5° above that of the surround- 
ings if the gel tray is allowed to rest on a copper plate with 
free air circulation. To minimize this temperature rise the 
bottoms of the trays should be made thin (about 1-5 mm.) 
and the thickness of the gel should preferably be kept under 
10 mm. 

Electrical connexions. Electrical contacts to the gels are 
made with filter-paper wads soaked in a suitable buffer 
solution of approximately the same pH as that of the gels. 
In working with serum it was found that the anodic end of 
the gel tends to swell if the bridge solution (see Fig. 1) is 
too dilute, and to shrink if it is too concentrated. However, 
under the conditions finally selected the active region of the 
gel is maintained at a constant electrolyte concentration 
and pH during the electrophoresis, judging by the con- 
stancy of the current required to maintain a given overall 
voltage gradient and by the absence of any change in colour 
of suitable indicators incorporated into the gels. 

To prevent pH changes in the gels which might be 
caused by electrode products, reversible Ag/AgCl coiled- 
coil electrodes are used. (‘These electrodes may be prepared 
from silver wire by electrolysis in 0-5mM-HCl.) Each 
electrode is immersed in concentrated NaCl solution con- 
tained in a suitable container and filter-paper bridges 
soaked in the bridge solution are used to connect the 
electrode compartments to the rest of the system. 

Power supply and voltage control. In the earlier stages of 
the work 220v d.c. mains were used as a source of power, 
the current being controlled by a 20 000Q wire-wound 
rheostat in series. In the later stages a variable voltage 
regulated power supply with a maximum output of 70 ma 
at 300v (The Heath Co., Benton Harbor, Michigan,U.S.A., 
Model PS-2) was used. 

The voltage gradients in the gels are measured directly 
with a high-resistance voltmeter (20 000Q/Vv), using probes 
inserted into the gels a known distance apart and clear of 
the working parts of the gels. When the sample used is 
undialysed and contains electrolytes the current may 
need adjustment in the early stages of a run, if an absolutely 
constant voltage gradient is required, but at later stages 
the overall voltage gradient will remain constant without 
outside contro]. It may here be noted that, by inserting 
a grid of wires at regular intervals along the gel and then 
measuring the voltage drop between adjacent pairs of 
wires during the electrophoresis, the migration of these low- 
molecular-weight ions may be ‘observed’. This is possible 
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because of local decreases in the voltage gradient caused by 
the contribution of these ions to the conductivity. With 
serum these non-protein-staining electrolytes can be seen 
to resolve into at least two parts as the electrophoresis 
proceeds. The major portion migrates some 15-20 times 
more rapidly than albumin. 

Protein detection. After electrophoresis has proceeded 
sufficiently long the seal of mineral oil or petroleum jelly is 
removed by blotting the top of the gel with adsorbent 
paper, and the gel is then turned out on a suitable cutting 
block (see Fig. 2). To do this the gel is freed from the edges 





Fig. 2. Construction and dimensions of the plastic 
apparatus required for starch gels used in general 
analytical work. A, Plastic tray in which the gels are 
cast; B, cutting block for slicing gels before staining; 
C, guide strips on which the cutting blade is supported 
during the slicing of the gel, which is placed longitudin- 
ally between these strips. 


of the tray with a spatula, when it can then be caused to 
fall out on the cutting block by inverting it over the block 
and starting movement from one end of the gel with the 
spatula. In order to observe the protein distribution in 
regions of the gel where no edge-effects are present the gel 
is then split along its length in a horizontal plane before 
staining, by means of a thin rigid cutting blade (a single- 
edged razor blade removed from its holder) and making the 
cut parallel to the bottom of the gel. The cutshould be made 
in a single movement with the blade supported on either 
side of the gel by the flat guiding strips of the cutting block. 
The two gel slices so obtained are rapidly separated (to 
avoid interdiffusion of the proteins in case of relative 
displacement) and transferred to a dish for staining with 
the cut surfaces uppermost. The protein detecting dye is 
then poured over them, allowed to remain in contact with 
the gels for the requisite time and decanted for re-use. The 
gels are then washed with solvent until the background is 
colourless. 

The dye employed in most of the present work was a 
saturated solution of Amido-Black 10B in solvent of 
composition: methanol-distilled water—glacial acetic acid 
(50:50:10, v/v). About $ min. was sufficient to stain the 
proteins in the gel. Three changes of the solvent were 
usually found to be adequate for washing. The gel was left 
in the last for at least 2hr. Covered vessels were used 
during the washing. No appreciable fading occurred, using 
this dye to stain the serum proteins, even after more than 
6 months when the stained gels were stored in rubber- 
stoppered test tubes under the solvent containing a trace of 
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the free dye. They should not, however, be exposed to 
direct sunlight for long periods. 

Bromophenol blue has been used for proteins, e.g. 
insulin, which do not give a stable dye—protein complex 
with Amido-Black. It gives qualitatively the same results 
as Amido-Black with serum, but is less sensitive and 
storage of the gels is less satisfactory. 


Preparative experiments 


As indicated above, it is essential in preparative experi- 
ments that the boundaries of the protein zones be vertically 
plane, otherwise cutting out any required zone free from 
contamination with other zones will not be possible. Con- 
sequently, for the best possible results the starch-grain 
method of introducing the sample should be employed. At 
the completion of the run the gel surface is marked by 
shallow transverse cuts at suitable distances and vertical 
cuts are then made along the length of the gel to enable two 
slices from the edges of the gel to be removed for staining. 
The bulk of the gel can then be used for preparative work 
with the stained slices as guides. The gels shrink 5-10 % on 
staining, so that the transverse cuts are necessary guides in 
determining the cutting points. 

The protein can be removed from the gel by diffusion 
after maceration in a suitable solvent or by digestion of the 
starch with amylase. However, a more convenient method, 
which has proved effective with all proteins tested, is to 
freeze the section of gel concerned. The gel is found on 
thawing to have broken down to a sponge-like structure 
from which the solvent containing most of the protein can 
be removed by low-speed centrifuging. The sponge is kept 
away from the bottom of the centrifuge tube with a mush- 
room-shaped glass rod with its end flattened out to a 
diameter just short of that of the centrifuge tube. Washing 
with the solvent, followed by recentrifuging, can be 
carried out as often as necessary. It was found with 
cabbage-enzyme preparations (Dixon & Smithies, un- 
published work) that the frozen gel sections should not be 
stored for long periods before protein removal, otherwise 
the frozen starch in this case adsorbs the protein irre- 
versibly, although without loss of enzymic activity. No data 
are at present available on the quantitgtive recoveries 
possible by these procedures. 

If low-ionic-strength buffers are used in making the gels 
their buffering power will be small. Consequently it is 
preferable to dialyse samples of high protein concentration 
or considerable volume which are to be employed with such 
gels. 


Dimensions of apparatus 


A number of Plexiglas (Perspex) trays were used in 
which to cast the gels. Sizes tried ranged in internal 
dimensions from 4 to 10mm. in depth, 15-80 mm. in 
width, and 200-450 mm. in length. The tray found most 
convenient for general analytical work and the corre- 
sponding cutting block are illustrated in Fig. 2: depth of 
tray 6-5 mm., width 20 mm., length about 250 mm. Gels 
much deeper than this prove awkward to handle and are 
difficult to keep cool during electrophoresis, but the width 
and length can readily be increased if required. The trays 
should be made of uniform cross-section with thin bottoms 
to minimize heating effects. If serial sections are to be 
prepared from the gels, as for example in enzyme-analysis 
procedures, it is convenient to make the width of the trays 
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such that a multi-blade cutter constructed of single-edged 
razor blades can be used (39-5 mm. for the ‘PAL hollow 
ground’ single-edged blades which were found most 
suitable). 


Conditions for starch gel electrophoresis 
of serum proteins 


Preparation of human sera. To avoid haemolysis the 
following procedure has been adopted. About 10 ml. of 
whole blood are withdrawn from a suitable arm vein with 
a no. 20 needle. The blood is gently expelled from the 
syringe after removing the needle, and allowed to run 
down the side of a centrifuge tube, care being taken to 
avoid the expulsion of the a:r bubbles unavoidably present 
in the syringe. The internal surface of the centrifuge tube 
was coated previously with a thin layer of petroleum jelly 
so that the clot produced could shrink away from the walls 
without tearing. After clotting for about 1 hr. at room 
temperature the sample is left overnight at about 5° for 
clot-shrinkage to occur. Occasionally it proves necessary 
to add traces of filter paper to induce clotting. The serum is 
decanted after centrifuging at a low speed for 5 min. in 
a horizontal centrifuge. The decanted specimen is then 
further centrifuged for 10 min. at 15 000 r.p.m. in a Serval 
refrigerated angle centrifuge. The samples so obtained never 
showed any signs of haemolysis, as judged by their colour. 

Sera were used for the first electrophoretic tests the day 
after withdrawing the blood. All samples were stored for 
later experiments at about 5° in Parafilm-sealed tubes. It 
should be noted that many of the sera showed changes in 
the a-globulin on storage for periods in excess of about a 
week. 

Electrophoretic conditions. The buffer finally selected for 
the electrophoresis of serum contains 0-03 mole of H,BO, 
and 0-012 mole of NaOH/litre. It proved essential that 
this solution should be accurately made. The gels contain 
15g. of soluble starch/100 ml. of this buffer, giving a 
final pH of 8-48+0-03. The potential gradient em- 
ployed is 6 v/em., applied for 6 hr. at room temperature, 
corresponding to a current of 4-5 ma for each gel of the 
size shown in Fig. 2. The reasons for selecting these condi- 
tions, which were rigorously adhered to, are considered in 
the discussion. In the first tests on a given serum the 
sample is introduced into a slot approximately 1-2mm. 
wide, the starch-grain-suspension technique described 
above being used. In comparative experiments the filter- 
paper method of sample introduction is used (Whatman 
no. 3 paper). The serum need not be dialysed. 

The bridge solution contains 0-3 mole of H,;BO; and 
0-06 mole of NaOH /litre. 


RESULTS AND DISCUSSION 


Fig. 3 shows photographs of the electrophoretic 
patterns obtained with a typical serum from each 
of the three serum groups previously described for 
normal adults (Smithies, 1955). As far as the main 
components are concerned, the pattern for the 
group I serum looks similar to those obtained by 
conventional methods, and in the previous publica- 
tion a preliminary identification of these com- 
ponents was suggested by comparing it with the 
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classical patterns. Further studies (still in pro- 
gress) indicate, however, that this preliminary 
identification, based on comparison alone, was in 
part incorrect. Full details of this aspect of the 
new method, which is being investigated in col- 
laboration with M. D. Poulik, will be published at 
a later date, but a brief account of some of the 
results follows in order that the present data may 
be discussed in terms comparable with those 
classically employed. 
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Fig. 3. Photographs and explanatory diagrams of the 
stained gels obtained with typical sera from groups I, 
Ifa and IIs. Those components that are of variable 
occurrence even within a given group are not indicated 
in the diagrams. The starch-suspension method of sample 
insertion was used. The position of the sample slot is 
indicated by cross-hatching. 


The most important method used to identify the 
starch-gel protein zones has been to separate the 
serum proteins first by electrophoresis on filter 
paper using a conventional barbiturate buffer. The 
moist filter-paper strip is then cut serially into 
5mm. sections in the region where the serum 
proteins are located. Each section is inserted into 
a starch gel, prepared in the usual way, alongside 
a piece of filter paper soaked in the whole serum. 
After electrophoresis, protein components common 
to both the whole serum and the serum fraction 
obtained from the filter-paper electrophoresis can 
be identified as uninterrupted bands across the 
whole width of the gels. 

The results of these experiments show that 
albumin had been correctly identified, as would be 
expected from quantitative considerations. The 
protein zone migrating in a retrograde direction 


O. SMITHIES 


1955 


had also been correctly identified as derived from 
y-globulin—an observation previously confirmed 
by studies on a clinical serum in which this zone 
was absent, and which also showed an absence of 
y-globulin when investigated by the classical filter- 
paper method. However, the earlier identification 
of the remaining components has proved to be 
largely incorrect. In particular it is found that most 
of the new components demonstrated by the starch- 
gel method are derived from «,-globulin, which 
proves to be a complex mixture of many different 
proteins. Some of these migrate in the starch gels 
in front of B-globulin and some behind. 

The following system of nomenclature, which 
includes the more important identifications made 
as described, will be adopted in the present paper. 
In order to facilitate discussion of the results, trace 
components are named according to their positions 
relative to the major components which are indi- 
cated in the line drawings under the photographs in 
Fig. 3. The names given to these trace components 
do not imply any relations other than those of 
position. 

The two components migrating more rapidly 
than the broad albumin zone are referred to as 
the pre-albumins , and , (, indicating the faster- 
moving component). The faint components migrat- 
ing a little more slowly than albumin are referred to 
as the post-albumins. The protein zone (present in 
group I sera to a larger extent than in sera from the 
other two groups) which migrates behind the post- 
albumins proves to be due to a part of the complex 
group of proteins termed «,-globulin in the classical 
nomenclature. In the following it will be referred 
to as F(fast)«,-globulin. The next slowest band, 
common to all three serum groups, is f-globulin. 
The darkly staining component migrating between 
B-globulin and the starting position in all three 
serum groups proves to be part of the «,-globulin 
complex and is referred to as S(slow)«-globulin. 
The three components characteristic of sera from 
groups IIa and IIB which migrate between Sa,- 
globulin and f-globulin are termed the «f-proteins; 
it is emphasized that the «8-proteins of group IIa 
sera are not the same as those of group IIB sera 
(see below). These «8-proteins are again part of the 
%»-globulin complex of the classical methods. 

Other components, present usually in small 
amounts, have been observed, but are apparently 
much more variable in occurrence than those 
mentioned above. The following are notes on these 
components which, in general, will not be discussed 
further at present: (a) A component migrating 
more slowly than f-globulin, but faster than the 
first «8-protein, is usually seen in group IIa and 
IIB sera, but again is not the same in these two 
groups (see below). Thi& post-f-globulin is only 
infrequently observed in sera from group I. It is 
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derived from the «-globulin complex. (b) A com- 
ponent is sometimes seen migrating a little faster 
than the Sa,-globulin but slower than the slowest 
«f-protein. This component has been rarely seen 
except in sera from group IIB. (c) Components are 
frequently seen migrating between the position of 
sample insertion and Sa,-globulin. Usually there 
are two such components. The slower of the two 
most often appears as a very narrow band (see the 
group IIB serum in Fig. 3). The faster one varies in 
position in different sera (compare the positions in 
the group I and group IIB sera in the figure). 
However, these components are only clearly seen 
when the starch grain method of sample insertion is 
used. For this reason they are not regarded as so 
well established as the other components, which, 
when present, can be seen irrespective of the 
method of sample insertion. They appear to be 
derived from y-globulin. 

It will be noted that «,-globulin does not appear 
as a definite band between «,-globulin and albumin 
in starch gel electrophoresis. The majority of the 
protein staining material in the «,-globulin position 
on filter paper is found to migrate in the starch gels 
in the same region as albumin, although it is 
possible that pre-albumin, is derived from «,- 
globulin. 

Before the significance of the results obtained by 
the application of the present method to sera may 
be discussed, it is necessary to establish that the 
new components are not artifacts. Three possi- 
bilities must be eliminated: it must be demon- 
strated that the additional components (a) are not 
caused by unsuspected anomalies of this new type 
of electrophoresis (this applies particularly to those 
components migrating close to albumin), (b) are 
not introduced by the clotting mechanism, and (c) 
are not the result of undetected haemolysis occur- 
ring during the serum preparation. 

The first of these possibilities was regarded as 
excluded by the following observations carried out 
on several samples of group I serum. The presence 
of pre- and post-albumins could be demonstrated 
over a wide range of conditions. They were ob- 
served in buffers other than borate (barbiturate 
and aminotrishydroxymethylmethane buffers) in 
the presence of ethylenediaminetetraacetic acid, at 
pH values ranging from 7-7 to 8-7; at potential 
gradients of from 4-5 to 10v/em. and at temper- 
atures from 7-5° to 40°. 

More direct proof was obtained by preparing 
small amounts of the pre-albumins and of one of 
the post-albumins in electrophoretically pure 


states from isolated slices of a gel after electro- 
phoresis, by means of the freezing and centrifuging 
technique described above. The serum used in these 
experiments had a relatively high post-albumin, 
concentration with very little post-albumin,, so 


ZONE ELECTROPHORESIS OF SERUM IN STARCH GELS 


635 


that only one of the post-albumins was investi- 
gated. The separated samples were dried from the 
frozen state and redissolved in a minimum of 
distilled water, and were then compared with the 
original serum. Fig. 4 shows diagrammatically the 
resulting stained gels (drawn from the originals). 
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Fig. 4. Results (drawn from the original gels) of pre- 
parative experiments to establish that the components 
migrating close to albumin are not artifacts. In the 
lower part of the figure the pre-albumins are compared 
with the serum from which they were prepared. In the 
upper part a post-albumin is similarly compared. The 
filter-paper method of sample insertion was used. 


The stained bands representing the components are 
continuous with the corresponding bands in the 
complete serum; they demonstrate effectively that 
the purified components are real and are not arti- 
facts produced from albumin by electrophoretic 
anomalies. The lack of straightness in the bands is 
due to local differences in the potential gradients in 
the two halves of the gel produced mainly by 
albumin (see below), but this does not affect the 
conclusions drawn from their continuity. 

That the pre- and post-albumin components are 
not introduced by the clotting process was shown 
by comparing plasma with serum on single gels. 
Plasma was prepared from whole blood after 
addition of oxalate or oxalate plus fluoride. With 
gels made from suitable buffers containing 0-005m 
sodium oxalate to prevent possible clotting during 
the electrophoresis no differences in these com- 
ponents could be observed when oxalated plasma 
was compared with serum. Heparinized plasma 
gave similar results (with gels prepared from 
buffers containing 10mg. of sodium heparin/ 
100 ml.), although heparin was found to modify the 
solubility of the dye—protein complexes, so that no 
permanent records could be obtained in this case. 
In none of these experiments was conclusive 
electrophoretic demonstration of the fibrinogen of 
plasma obtained; probably the large and markedly 
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asymmetric fibrinogen molecules cannot enter the 
gels. In support of this is the observation that when 
filter paper was used for insertion of the plasma 
samples its anodic side showed quite marked 
staining at the completion of the experiment. 
However, since oxalate or heparin in the gels at the 
concentrations used will prevent clotting it is 
concluded that the components observed are not 
products of the clotting process. 

That none of the protein-staining components 
in group I serum are dialysable was demonstrated 
by finding no change in the results following dialysis 
of the serum for 24 hr. against 0-03 borate buffer 
of pH 8-50. Hoch & Chanutin (1953) have pre- 
viously described a trace component in serum 
which migrates faster than albumin and which is 
not dialysable. Probably pre-albumin, and their 
fast-moving component are identical. 

Haemolysis was excluded as a source of the 
additional components in sera from any of the 
groups by experiments in which increasing amounts 
of haemolysed red cells were added to samples 
initially showing no visible haemolysis. These 
experiments are considered in detail below. 

When it had been established that the trace 
components present in group I sera were not arti- 
facts, various experiments were performed to show 
that the three serum groups are the reflexion of real 
differences in the protein compositions of the 
respective sera. Of these the primary method was 
to compare sera from the different groups on the 
same gel so that inadvertent differences in the pH. 
and composition of the gels or in the potential 
gradients were excluded as the cause of the ob- 
served differences. Fig. 5 shows photographically 
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Fig. 5. Photograph and explanatory diagram of typical 
sera from the three groups compared on a single gel; the 
filter-paper method of sample insertion was used. The 
position of the filter papers is indicated by cross- 
hatching. The streaks appearing between the starting 
position and the S,-globulin appear to be due to ad- 
sorption effects associated with the filter paper used in 
the sample insertion, since they do not occur except 
when filter paper is used (cf. Fig. 3). 
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and diagrammatically a typical experiment of this 
type. On a single gel are compared the sera from 
three individuals, one from each group. The serum 
in the upper third of the gel in the figure differs 
from the lower two in the absence of the «f- 
proteins and in the presence of additional protein- 
staining material migrating in the Fa,-globulin 
position. The lower two sera differ from each other 
in that the «8-proteins are not identical. 

Since groups IIa and IIs differ only slightly, 
all sera of these groups were further checked as 
follows: two sera were selected as representative of 
the two groups and the non-equivalence of their 
aB-proteins was demonstrated by comparing them 
on the same gel. All sera classified as IIA on the 
basis of the results obtained with separate gels 
were then compared with the I. 4 standard and the 
equivalence of their respective «8-proteins was con- 
firmed. Similarly, all IIB sera were compared with 
the IIs standard. Finally the two standards were 
compared again (to exclude any ageing effects) and 
were shown to be different. 

Other less pronounced differences may be ob- 
served in sera from the three groups. In group I 
sera the maximum number of post-albumins which 
can be resolved is two, but frequently in group II 
sera three may be seen (for example the IIB serum 
in Fig. 3). When a post-8-globulin component is 
observed it is found to be different in the groups 
IIa and IIs. In IIA sera it migrates only a little 
more slowly than £-globulin and may scarcely be 
resolved from it. The Ila serum in Fig. 3 shows a 
poorly resolved post-8-globulin. The IIa serum 
example photographed for the preliminary publica- 
tion (Smithies, 1955) shows a resolved post-f- 
globulin. Post-f-globulin, when present in IIB 
sera, is always well resolved and migrates appreci- 
ably more slowly at a position midway between f- 
globulin and the leading «f-protein. These differ- 
ences in the post-albumins and post-f-globulins 
are, however, of secondary importance as indices 
of the three groups as the proteins concerned are 
not always present. 


Effect of added haemoglobin 


Further evidence of the discreteness of the three 
types of sera is obtained from the experiments in 
which haemolysed red cells were added to sera from 
the three groups. The left-hand section of Fig. 6 
shows diagrammatically the changes in the protein 
pattern of a group I serum on adding progressively 
increasing amounts of haemolysed red cells. The 
haemoglobin concentrations quoted are approxi- 
mate in absolute magnitude (based on the assump- 
tion that a haemolysed red cell preparation con- 
tains 33% of: haemoglobin) but their relative 
magnitudes are correct. ‘The cells were prepared 
from the same blood as the serum. At a haemo- 
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globin level of about 16 mg. of haemoglobin/100 ml. 
of serum a faint red band is seen migrating at 
approximately the same rate as f-globulin. At 
31 mg./100 ml. this red band is more definite and it 
is apparent that the amount of protein in the Fa,- 
globulin position is decreased. At 125mg./100 ml. 
this decrease is maximal. However, protein- 
staining material is still present in the Fa,-globulin 
position in approximately the same amount as in 
the sera of groups IIa and IIs. Furthermore, it is 
apparent that three post-albumins are present; 
presumably the third post-albumin was previously 
masked by the protein(s) removed from this region 
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free haemoglobin. On further increasing the 
haemoglobin concentration the only change is an 
increase in the amount of free haemoglobin present. 
Neither a decrease in the amount of material at the 
Fa,-globulin position nor a coloured band at the 
B-globulin position, such as are observed with 
group I serum, are seen with group IIa serum in 
the presence of haemoglobin. 

When a group IIB serum is similarly studied 
(right-hand section of Fig. 6) it is clear that the 
aB-proteins present in this type of serum are 
different in their properties when ‘complexed’ with 
haemoglobin from those present in group ITa sera. 
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6. Changes occurring in the serum-protein patterns on the addition of progressively increasing amounts of 
haemolysed red cells tc sera of the three groups. Approximate haemoglobin concentration: A, 0; B, 31; C, 125; 


D, 500 mg./100 ml. of serum. The regions where red bands can be seen are indicated by arrows; a short arrow 
indicates a very faint band. The portions of the gels containing the y-globulin are not shown. 


by haemoglobin. On further increasing the amount 
of haemoglobin a second red band appears which, 
by comparison with haemoglobin in the absence of 
serum, was shown to correspond to free haemo- 
globin. This protein is observed to migrate faster 
than f-globulin but a little slower than the material 
originally present in the Fa,-position. No coloured 
bands are ever observed in the region between S«,- 
and f-globulins in group I sera on the addition of 
haemoglobin. 

The changes on adding haemolysed red cells to a 
group IIa serum are shown in the centre section of 
Fig. 6. They may be summarized as follows: at 
31 mg. of haemoglobin/100 ml. of serum the «f- 
proteins have begun to bind haemoglobin; at about 
125 mg./100 ml. the binding is maximal and three 
red bands can be seen in the region between the Sa,- 
and f-globulins (but at positions not equivalent to 
the ‘uncomplexed’ «8-proteins) with a fourth red 
band migrating at the position corresponding to 


Although three red bands are again seen they are 
neither in position nor in quantity similar to those 
present in group IIB sera after the addition of 
haemolysed red cells. The leading one is so faint 
as to be only just observable in the unstained gels. 
Once again neither a decrease in the amount of 
material at the Fa,-globulin position nor a red 
band in the f-globulin position is observed. 

In a series of experiments in which haemolysed 
red cells from individuals of each of the three 
groups were added to sera of the other two groups 
it was established that these results are due to 
differences in the sera. The source of haemolysed 
red cells appears immaterial. 

The changes on adding haemolysed red cells to 
sera from each of the three groups are thus suffi- 
ciently different as to allow the characterization of 
a given serum on the basis of this effect alone, and 
the differences are so marked that sera can be 
classified, in the presence of haemoglobin, even 
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asymmetric fibrinogen molecules cannot enter the 
gels. In support of this is the observation that when 
filter paper was used for insertion of the plasma 
samples its anodic side showed quite marked 
staining at the completion of the experiment. 
However, since oxalate or heparin in the gels at the 
concentrations used will prevent clotting it is 
concluded that the components observed are not 
products of the clotting process. 

That none of the protein-staining components 
in group I serum are dialysable was demonstrated 
by finding no change in the results following dialysis 
of the serum for 24 hr. against 0-03m borate buffer 
of pH 8-50. Hoch & Chanutin (1953) have pre- 
viously described a trace component in serum 
which migrates faster than albumin and which is 
not dialysable. Probably pre-albumin, and their 
fast-moving component are identical. 

Haemolysis was excluded as a source of the 
additional components in sera from any of the 
groups by experiments in which increasing amounts 
of haemolysed red cells were added to samples 
initially showing no visible haemolysis. These 
experiments are considered in detail below. 

When it had been established that the trace 
components present in group I sera were not arti- 
facts, various experiments were performed to show 
that the three serum groups are the reflexion of real 
differences in the protein compositions of the 
respective sera. Of these the primary method was 
to compare sera from the different groups on the 
same gel so that inadvertent differences in the pH. 
and composition of the gels or in the potential 
gradients were excluded as the cause of the ob- 
served differences. Fig. 5 shows photographically 
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Fig. 5. Photograph and explanatory diagram of typical 
sera from the three groups compared on a single gel; the 
filter-paper method of sample insertion was used. The 
position of the filter papers is indicated by cross- 
hatching. The streaks appearing between the starting 
position and the Sa,-globulin appear to be due to ad- 
sorption effects associated with the filter paper used in 
the sample insertion, since they do not occur except 
when filter paper is used (cf. Fig. 3). 


O. SMITHIES 


1955 
and diagrammatically a typical experiment of this 
type. On a single gel are compared the sera from 
three individuals, one from each group. The serum 
in the upper third of the gel in the figure differs 
from the lower two in the absence of the «f- 
proteins and in the presence of additional protein- 
staining material migrating in the Fa,-globulin 
position. The lower two sera differ from each other 
in that the «f-proteins are not identical. 

Since groups IIa and IIs differ only slightly, 
all sera of these groups were further checked as 
follows: two sera were selected as representative of 
the two groups and the non-equivalence of their 
«B-proteins was demonstrated by comparing them 
on the same gel. All sera classified as IIa on the 
basis of the results obtained with separate gels 
were then compared with the IIa standard and the 
equivalence of their respective «8-proteins was con- 
firmed. Similarly, all IIB sera were compared with 
the IIs standard. Finally the two standards were 
compared again (to exclude any ageing effects) and 
were shown to be different. 

Other less pronounced differences may be ob- 
served in sera from the three groups. In group I 
sera the maximum number of post-albumins which 
can be resolved is two, but frequently in group II 
sera three may be seen (for example the ITB serum 
in Fig. 3). When a post-8-globulin component is 
observed it is found to be different in the groups 
Ifa and IIs. In IIA sera it migrates only a little 
more slowly than f£-globulin and may scarcely be 
resolved from it. The IIa serum in Fig. 3 shows a 
poorly resolved post-8-globulin. The Ifa serum 
example photographed for the preliminary publica- 
tion (Smithies, 1955) shows a resolved post-f- 
globulin. Post-8-globulin, when present in IIB 
sera, is always well resolved and migrates appreci- 
ably more slowly at a position midway between f- 
globulin and the leading «f-protein. These differ- 
ences in the post-albumins and post-f-globulins 
are, however, of secondary importance as indices 
of the three groups as the proteins concerned are 
not always present. 


Effect of added haemoglobin 


Further evidence of the discreteness of the three 
types of sera is obtained from the experiments in 
which haemolysed red cells were added to sera from 
the three groups. The left-hand section of Fig. 6 
shows diagrammatically the changes in the protein 
pattern of a group I serum on adding progressively 
increasing amounts of haemolysed red cells. The 
haemoglobin concentrations quoted are approxi- 
mate in absolute magnitude (based on the assump- 
tion that a haemolysed red cell preparation con- 
tains 33% of: haemoglobin) but their relative 
magnitudes are correct.’ The cells were prepared 
from the same blood as the serum. At a haemo- 
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globin level of about 16 mg. of haemoglobin/100 ml. 
of serum a faint red band is seen migrating at 
approximately the same rate as B-globulin. At 
31 mg./100 ml. this red band is more definite and it 
is apparent that the amount of protein in the Fa,- 
globulin position is decreased. At 125mg./100 ml. 
this decrease is maximal. However, protein- 
staining material is still present in the Fa,.-globulin 
position in approximately the same amount as in 
the sera of groups Ila and IIs. Furthermore, it is 
apparent that three post-albumins are present; 
presumably the third post-albumin was previously 
masked by the protein(s) removed from this region 
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free haemoglobin. On further increasing the 
haemoglobin concentration the only change is an 
increase in the amount of free haemoglobin present. 
Neither a decrease in the amount of material at the 
Fa,-globulin position nor a coloured band at the 
B-globulin position, such as are observed with 
group I serum, are seen with group IIa serum in 
the presence of haemoglobin. 

When a group IIs serum is similarly studied 
(right-hand section of Fig. 6) it is clear that the 
«aB-proteins present in this type of serum are 
different in their properties when ‘complexed’ with 
haemoglobin from those present in group ITa sera. 
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Fig. 6. Changes occurring in the serum-protein patterns on the addition of progressively increasing amounts of 
haemolysed red cells to sora of the three groups. Approximate haemoglobin concentration: A, 0; B, 31; C, 125; 
D, 500 mg./100 ml. of serum. The regions where red bands can be seen are indicated by arrows; a short arrow 
indicates a very faint band. The portions of the gels containing the y-globulin are not shown. 


by haemoglobin. On further increasing the amount 
of haemoglobin a second red band appears which, 
by comparison with haemoglobin in the absence of 
serum, was shown to correspond to free haemo- 
globin. This protein is observed to migrate faster 
than B-globulin but a little slower than the material 
originally present in the Fa,-position. No coloured 
bands are ever observed in the region between Sa,- 
and f-globulins in group I sera on the addition of 
haemoglobin. 

The changes on adding haemolysed red cells to a 
group IIa serum are shown in the centre section of 
Fig. 6. They may be summarized as follows: at 
31mg. of haemoglobin/100 ml. of serum the «f- 
proteins have begun to bind haemoglobin; at about 
125 mg./100 ml. the binding is maximal and three 
red bands can be seen in the region between the Sa,- 
and £-globulins (but at positions not equivalent to 
the ‘uncomplexed’ «f-proteins) with a fourth red 
band migrating at the position corresponding to 


Although three red bands are again seen they are 
neither in position nor in quantity similar to those 
present in group IIs sera after the addition of 
haemolysed red cells. The leading one is so faint 
as to be only just observable in the unstained gels. 
Once again neither a decrease in the amount of 
material at the Fa,-globulin position nor a red 
band in the £-globulin position is observed. 

In a series of experiments in which haemolysed 
red cells from individuals of each of the three 
groups were added to sera of the other two groups 
it was established that these results are due to 
differences in the sera. The source of haemolysed 
red cells appears immaterial. 

The changes on adding haemolysed red cells to 
sera from each of the three groups are thus suffi- 
ciently different as to allow the characterization of 
a given serum on the basis of this effect alone, and 
the differences are so marked that sera can be 
classified, in the presence of haemoglobin, even 
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before staining the gels. As a check on the reli- 
ability of this type of distinction, haemolysed red 
cells to the extent of about 660 mg. of haemoglobin/ 
100 ml. of serum (0-02 ml. of haemolysed cells/ml. 
of serum) were added to all previously collected 
sera from over forty normal adults. In every case 
the changes observed were of the type expected 
from the known serum groups. This result is of 
practical value in that any serum samples which 
are inadvertently haemolysed may still be classified 
into their correct groups by observing the patterns 
obtained in the presence of excess of haemoglobin. 
Furthermore, in some individuals the «8-proteins 
are present at a level low enough to make their 
characterization somewhat difficult, but after the 
addition of haemolysed red cells this difficulty is 
found to be removed since the bound haemoglobin 
increases quite considerably the amount of protein- 
staining material in the characteristic regions. On 
the basis of these various experiments it is concluded 
that the three serum groups reflect a difference in 
the serum proteins of the individuals concerned. 

The haemoglobin experiments also lead to 
several conclusions about the nature of the proteins 
characteristic of the three serum groups and the 
interrelation of the three groups. They suggest that 
the excess of protein-staining material migrating 
in the Fa,-globulin position in group I sera does not 
represent a quantitative change in the Fa,-globulin 
but is due to the presence of a protein (or proteins) 
absent in group II sera. Apparently in group I 
sera Fa,-globulin is present to about the same 
extent as in sera from the other two groups, 
but at least one qualitatively distinct protein 
characteristic of group I sera and notable for its 
haemoglobin-binding properties is also present 
with a mobility, under the conditions described, so 
close to that of Fa«,-globulin as to be unresolved from 
it. Hence the characteristic proteins of all three 
serum groups have a common property, not shared 
by any of the other serum proteins, of binding 
haemoglobin at the pH and electrolyte concentra- 
tion employed. 





Serum protein distribution in individuals 


The present results lead to the suggestion that 
a fundamental serum-protein distribution exists 
from which all three serum groups are derived. In 
this fundamental distribution no «f-proteins are 
present and the protein-staining material migrating 
in the Fa,-globulin position is at the low level seen in 
group II sera. The detailed characteristics of the 
additional proteins present, over and above those in 
the fundamental distribution, determine the serum 
group that will be observed. Such a fundamental 
distribution, in which the serum-group-character- 
izing proteins are absent, has not been observed in 
any of the sera from over fifty adults studied so far, 
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but it has been found in anumber of young children. 


In such sera, as would be expected, the addition of 


haemolysed red cells produces no change other 
than the appearance of a single coloured band 
corresponding to free haemoglobin. 

The distribution of the serum groups in the two 
sexes (normal adults) is shown in Table 1. Although 
the results show an apparent difference in the 
distribution, a statistical test indicates that this is 
unlikely to be significant (x?= 3-3, P=0-2). If the 
results obtained on some clinical sera are also 
included in the analysis, even the apparent differ- 
ence largely disappears, and the statistics then 
indicate that a real difference in the two sexes is 
very improbable (x?= 1-3, P=0-5). No correlation 
appears to exist between the serum groups and the 
blood group (O, A, B, AB, Rh+ and Rh-—) of 
individuals. 





Table 1. Distribution of the serum groups in 
forty-nine normal adult humans of both sexes 


Serum group 








es 


Sex I Ila IIB Totals 
Male 7 10 5 22 
Female 3 15 9 27 

Totals 10 25 14 49 


x? =3-3, P=0-2. 


Little can be said with certainty at present on the 
physiological significance of the serum groups, but 
several tentative observations may be made. From 
the results on over fifty adults it seems that the 
groups are discrete. No intermediary types have 
been found and all the adult sera so far examined 
fall into one of the three groups. It is probable 
also that the serum group of an adult does not 
change with time; thus the author’s serum showed 
no change of group in 15 months, and sera from 
eleven other individuals showed no group change in 
shorter times (2 days to 11 weeks). Some support 
for this is found in the literature in the only 
reference known to the author on individual 
variations in the plasma proteins of humans. 
Bernfield, Donahue & Homburger (1953) describe 
‘considerable dissimilarities’ in ‘the contours and 
fine architecture of the electrophoretic patterns of 
human plasma in different individuals’ which they 
demonstrate by the Tiselius method. They illustrate 
the constancy of the type of result obtained from 
a given individual for periods up to 14 months and 
quote results of periods of over 2 years. The 
variations they describe were particularly apparent 
in the «-globulins (which is in agreement with the 
present work), but they were unable to make any 
generalizations from their observations, probably 
because the electrophoretic conditions that they 
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used do not demonstrate the presence of «f- 
proteins. The constancy of the patterns which they 
observed in individuals would, however, agree with 
the present results. 

The results so far obtained in children show that 
the proteins characteristic of the three serum 
groups are not always present in sera from young 
children, and suggest that their occurrence may 
vary with the age of the individual. Hereditary 
factors may determine the serum groups of adults 
{cf. Thompson, Foster, Gowen & Tauber (1954), 
who describe experiments suggestive of inherited 
differences in the serum proteins of mature mice]. 
Further studies of these possibilities are in progress. 


Advantages and limitations of the starch-gel method 


The greater resolving power, compared with 
previous electrophoretic methods, of the starch-gel 
method of zone electrophoresis for separating the 
serum proteins is probably chiefly a consequence of 
the use of a supporting medium the pore size of 
which approaches the molecular dimensions of 
some of the proteins involved. It is found that 
proteins with closely similar mobilities in free- 
solution electrophoresis and filter-paper electro- 
phoresis may have widely different mobilities in the 
starch gels and that two proteins which migrate in 
a given order in free solution may migrate in the 
reverse order in the gels. This suggests that proteins 
of comparatively small size are slowed relatively 
much less in the gels than proteins of larger size or 
greater disymmetry, even though in free solution 
they may have the same mobilities. The starch- 
gel electrophoretic method thus appears to combine 
resolution by ‘true’ (frec sclution) mobilities, with 
resolution according to molecular dimensions, at 
least over some of the ranges of molecular size 
present in the serum proteins. 

The low ionic strengths present in the gels, 
besides allowing high potential gradients without 
troublesome heating-effects, may also be partly 
responsible for the good resolution, in that anion- 
binding by the various proteins will be reduced so 
that intrinsic differences in their charges at a given 
pH will not be partly masked by large numbers of 
bound anions. Another factor is the sharpening 
of the protein bands that will occur because of the 
greater mobilities of the proteins in the slot into 
which the sample is introduced compared with their 
mobilities in the gel. That this type of sharpening 
occurs is seen by the existence of some protein 
bands very much narrower than the sample slot 
(see, for example, the component closest to the 
origin in the top photograph of Fig. 3). A further 
factor in the serum work has been the variation in 
the potential gradient along the gel caused by 
albumin. The reason for this variation is not clear, 
but its extent and its practical use in sharpening 
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certain bands are illustrated in Fig. 7. In this 
figure the protein patterns and associated potential - 
gradient changes observed in 12-5 and 15% starch 
gels are shown. (The potential differences were 
measured with a vacuum-tube voltmeter at 5 mm. 
intervals by using as electrodes a grid of copper 
wires inserted into the gels.) In the 15% gel the 
potential-gradient changes are such that the post- 
albumins will be electrophoretically sharpened 
because of their relation to albumin and a region of 
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Fig. 7. Potential gradients observed at 5 mm. intervals 
along the gels and corresponding protein distributions 
obtained after 6 hr. electrophoresis of a group I serum in 
A, a 125% starch gel, and B, a 15% gel. The marks 
along the upper edges of the diagrams of the gels 
represent the electrode positions. The circles on the 
graphs show the mean potential gradient between the 
corresponding adjacent electrode-pairs. The cross- 
hatching indicates regions where the protein concentra- 
tion changes slowly. The positions of the filter papers 
used for sample insertion are shown by a line extending 
above and below the diagrams. 


rapidly changing potential gradient. In the 
12-5% gel the relation of the post-albumins to 
albumin and the region of rapidly changing 
potential gradient is not such as to sharpen these 
bands and they are so diffuse as to be practically 
invisible. For similar reasons the presence of the 
post-albumins could not readily be demonstrated 
at potential gradients of less than 4-5v/cm., but, as 
would be expected, a lower limit for the useful 
potential gradient was not marked for any of the 
other components. 

The potential-gradient changes associated with 
albumin have one disadvantage, namely that the 
albumin spreads considerably during  electro- 
phoresis. After 1 hr. the albumin band is only 
about 5 mm. long, but after 6 hr. it is about 25 mm. 
long. The extent of this spreading is influenced by 
the amount of serum used in a given experiment 
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and, as is suggested by the results shown in Fig. 7, 
by small inadvertent variations in the percentage 
of starch used. Although these factors can be 
fairly well controlled, small variations in them will 
cause the position of the albumin front to vary a 
little in different experiments. However, the condi- 
tions of electrophoresis selected are such as to 
make these variations unimportant and at the 
same time to give the maximum sharpness to the 
greatest number of components. 

Of the factors relevant to the albumin-spreading, 
small changes in the starch percentage produce the 
biggest effect; increases in pH at a fixed total 
borate concentration tend to cause patterns in 
which the albumin front is sharp, as do increases in 
total borate at an approximately fixed pH. 
Probably, therefore, the relative values of the 
starch concentration and the ionic strength are the 
fundamental determinants of the detailed pattern 
observed. Confirmation of this comes from the 
observation that when barbiturate buffer is used 
for the electrophoresis the albumin-spreading is 
similar to that in the borate experiments only if 
the ionic strength is made approximately the same. 
Although all components in the three serum groups 
can be demonstrated with barbiturate the results 
with borate are superior. Furthermore, total 
nitrogens can be performed on sections of the 
borate-containing gels, if required, and used as 
measures of the protein concentration without 
interference from the nitrogen of the buffer com- 
ponents. This consideration is particularly im- 
portant in serum work as the local potential- 
gradient variations will cause a non-uniform 
distribution of buffer ions along the gel. 

One limitation of the starch-gel méthod requires 
comment. As discussed above, the gels uséd for this 
work appear to have an effective pore size which 
prevents application of the method to high- 
molecular-weight substances. The failure to demon- 
strate fibrinogen in plasma (see above) suggests 
this, as does the observation that even with serum 
some protein-staining material fails to enter the 
gels. By observing the residual staining of the 
sections cut from the filter-paper electrophoresis 
experiments, and then used for starch-gel electro- 
phoresis, it is found that high-molecular weight 
y-globulin is probably the material involved. 
Indications of the same effect have been observed 
in other complex protein systems that are likely to 
contain high-molecular-weight proteins. Some of 
the cabbage-enzyme preparations studied by 
Dixon & Smithies (unpublished work) showed it, as 
did some samples of diphtheria toxin and toxoid. 
With lower-molecular-weight proteins of known 
purity (8-lactoglobulin and insulin) non-migrating 
material was never observed. 

The retrograde movement of part of the y- 
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globulins should be noted. This is apparently not 
only a function of electro-osmosis in the gel as a 
whole but also of changes occurring in the region 
where the sample is introduced. Thus the y-globulin 
is not so clearly defined when filter paper is used to 
insert the sample as when a starch suspension is 
used, and if a simple slot and spacer are used to 
insert the sample the y-globulin appears to move 
backwards to a marked extent only in the regions 
where the spacer is touching the cut gel surface. 
Further indication of some unexplained behaviour 
in the y-globulin migration is shown by failure 
under the conditions yet tested to obtain a true 
band for y-globulin. Longer runs cause only a 
greater spread of the protein, never the appearance 
of a protein-free region between it and the site of 
introduction. Despite this, y-globulin appears to 
show partial resolution into two fractions, as is 
seen in Fig. 3. No other protein systems tested 
have shown this effect, which may be merely a 
property of y-globulin since only that part of the 
y-globulin, which on filter paper travels most 
slowly, shows the effect. 

In conclusion it is clear that the starch gel 
method cannot be regarded as capable of replacing 
other electrophoretic methods for all serum studies. 
The results here considered indicate, however, that 
the method when applied to the serum proteins 
will give a great deal of information that cannot be 
obtained by any other method now in use, even 
though the method is not yet in a form capable of 
giving quantitative data with serum. 


SUMMARY 


1. A method of zone electrophoresis in which 
starch gel is used as the supporting medium is 
described. Protein detection is by staining. The 
resolving power is in many cases superior to that 
obtained by the Tiselius method. As little as 
0-02 ml. of sample can be used, if necessary, and the 
method is very well adapted to comparing closely 
related samples. 

2. When the method is used for the electro- 
phoresis of normal human sera several previously 
undescribed non-dialysable components may be 
demonstrated. These components can be seen with 
several buffers, including barbiturate. A borate 
buffer is normally employed. The period of electro- 
phoresis is 6 hr. 

3. Electrophoretic anomalies, products of the 
clotting process, and inadvertent haemolysis as 
sources of the new components are excluded. 

4. Sera from over forty normal human adults of 
both sexes are found to fall into three groups on the 
basis of the occurrence of some of the new com- 
ponents. No difference. in the distribution of the 
groups in the two sexes has been shown. 
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5. The components characterizing the three 
groups have a common property, not shared by 
any other of the serum proteins, of binding haemo- 
globin under the conditions used for the electro- 
phoresis. They migrate in the «,-globulin position 
when filter-paper electrophoresis is used. 

6. The occurrence of the characteristic proteins 
may be related to age and to hereditary factors. 

7. Possible reasons for the high resolving power 
of the new method and its limitations are dis- 
cussed. 
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The Absorption Spectra of Porphyrin a and Derivatives 


By I. T. OLIVER* anp W. A. RAWLINSON 
Department of Biochemistry, University of Melbourne, Australia 


(Received 7 March 1955) 


In recent years, there has been a revival of interest 
in the problem of the structure of the prosthetic 
group of cytochrome a and cytochrome oxidase. 
Negelein (1933) and Roche & Benevent (1936) 
made the earliest attempts to isolate haemin a 
from heart muscle, but improvements in the pre- 
parative method by Rawlinson & Hale (1949) 
allowed of greater success. Warburg & Gewitz 
(1951) have claimed the isolation of crystalline 
‘ecytohaemin’, but publish no experimental details. 
Attempts to isolate haemin a from cytochrome 
oxidase and cytochrome a obtained in ‘solution’ by 
the use of sodium cholate have been reported by 
Dannenberg & Kiese (1952), and Falk & Rimington 
(1951) have studied the preparative methods for 
porphyrin a. Lemberg & Falk (1951) compared the 
spectroscopic properties of the porphyrin a pre- 
pared by Rawlinson & Hale with other carbonyl- 
porphyrins, and Lemberg (1953) has recently 
published more extensive results on porphyrin a 
and other porphyrins of heart muscle. 

We have now shown that specimens of por- 
phyrin a possessing identical spectra can be 
obtained under different experimental conditions. 
By applying a new method of porphyrin estimation 
(Oliver & Rawlinson, 1951), it has been possible to 
express the extinction data on a millimolar basis. 
The effects of solvents, oxime and copper-complex 
formation on the absorption spectrum of porphyrin 
a have also been examined. 

* Present address: Department of Biochemistry, The 
University, Sheffield, England. 
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1X PERIMENTAL 


Preparation of porphyrin a 

Method A. The method is based on that of Rawlinson & 
Hale (1949). 

(1) Six ox hearts freed of fat and ligaments were minced 
finely and extracted three times with 4% NaCl (total vol., 
36 1.) at 0°. After draining, the pulp was treated twice with 
2 vol. of cold ethanol; the pulp was pressed free from solvent 
each time. Extractions were then made with 2 vol. 
portions of acetone at 0°, until no more yellow pigments 
appeared in the extracts (usually three times). Excess of 
acetone was removed in a mechanical press. 

(2) The dehydrated tissue was stirred with 2 vol. of 
chilled, acidified acetone (containing 2-5 % v/v of 10N-HCl) 
and left standing at 0° for 1 hr. 

(3) The dark-brown acetone solution was separated, 
filtered and added to an equal volume of peroxide-free 
ether. Addition of water (2 vol.) caused transfer of the 
pigments into the ether phase. Acetone was removed from 
the ether solution by washing with 2n-HCl. The ether 
solution contained both haemin a and protohaemin, as 
judged by the haemochrome test. The ether solution was 
filtered through a column of alumina (British Drug Houses 
Ltd., for chromatographic analysis) and the mixed haemins 
were obtained as a dark band at the top of the column. 

(4) After thorough washing with fresh ether, the haemins 
were eluted with glacial acetic acid at 60—70°. The removal 
of iron by ferrous acetate and glacial acetic acid (Warburg 
& Negelein, 1932) gave a mixture of protoporphyrin and 
porphyrin a. 

(5) After dilution with water, the mixed porphyrins were 
transferred to ether and washed free of acetic acid. Rapid 
extraction with 25% (w/v) HCl removed the porphyrin. 
By careful addition of solid Na,CO, it was found that 
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porphyrin a alone could be displaced into a layer of fresh 
ether. At this stage the aqueous phase contained only 
negligible amounts of porphyrin a and practically all the 
protoporphyrin. Traces of this pigment detected in the 
ether solution were extracted by shaking two or three 
times with 5% (w/v) HCl. 

(6) The ether was washed free of acid and then removed 
at room temperature under reduced pressure; the green 
residue was dried thoroughly over KOH. The product was 
washed with light petroleum four or five times and then 
dried in air. After this treatment the pigment could be 
shaken in ether-HCl systems without the formation of 
emulsions so often experienced in earlier stages of the 
purification. This indicated that much lipid material had 
been removed. The porphyrin was stored in chloroform 
solution at 0° and remained unchanged for at least 6 
months. 

Method B. This method of preparation gave porphyrin a 
that was spectroscopically indistinguishable from the 
previous preparation, the logarithmic density plots of the 
absorption curves being identical (Fig. 1). 





Log (optical density) 


700 600 550 500 450 


Wavelength (mz.) 
Fig. 1. Characteristic absorption spectra of porphyrin a 
prepared by different methods. Chloroform solution. 
Bottom curve, method A; top curve, method B. 


650 


Stages (1) and (2) were carried out as in method A. 

(3) Crushed ice was added to bring the acid—acetone 
extract to 20% (v/v) with respect to water, and the solution 
filtered in the cold to remove lipid matter thus precipitated. 
The total haemins were then precipitated as the barium 
salts, the optimum conditions being found by trial. For 
each litre of acetone extract, 670 ml. of a 10% (w/v) barium 
acetate solution was prepared. The extract was then stirred 
into the barium acetate solution. The haemins were com- 
pletely precipitated as the barium salts, and after standing 
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overnight at 0° the supernatant was decanted. The dark- 
green precipitate was centrifuged off, washed once with 
ethanol and then with water to remove excess of barium 
acetate. 

(4) The barium salts were decomposed in the following 
way: The precipitate was stirred into a sludge with water 
and 10Nn-HCl was added dropwise with stirring until the 
colour changed from green to brown, indicating conversion 
of the barium salts into acid haematins. Water was added 
and the mixture centrifuged. The brown residue was then 
washed with 0-03N-HCI until the supernatant was free from 
barium. Haemochrome tests of this residue indicated the 
presence of haemin a and protohaemin. 

(5) The precipitate was dissolved in pyridine and diluted 
with 2-3 vol. of 0-2N-HCl. Shaking this solution with ether 
transferred most of the haemin a, together with small 
amounts of protohaemin, to the organic phase. The ether 
solution was washed with 2n-HCl to remove pyridine, and 
then with water. The haemin, after adsorption on alumina 
and elution with warm glacial acetic acid (stage 4 of 
method A), was converted into the free porphyrin by the 
method of Warburg & Negelein (1932). 


Log (optical density) 





600 550 500 450 


Wavelength (my) 


700 650 


Fig. 2. Characteristic absorption spectra of fractions 
obtained during preparation of porphyrin a by method B. 
Chloroform solution. —, Fraction I (0-5% (w/v) HCl 
fraction) ; -—-—, fraction II (5-12 % (w/v) HCl fraction); 
----, fraction III (unextracted by 12% (w/v) HCl). 





(6) The porphyrin was transferred into ether solution in 
the usual way, and then shaken with 2% (w/v) HCl to 
remove a small amount of protoporphyrin. Further 
fractionation was then carried out against 5% (w/v) and 
12% (w/v) HCl. Shaking with 5% HCl was continued until 
no further porphyrin fluorescence was detected in the 
aqueous phase. This fraction (I) contained a porphyrin of 
the a type and traces of protoporphyrin remaining after the 
2% (w/v) HCl extraction. Fraction II was obtained by 
repeating the process witli 12% (w/v) HCl, and the por- 
phyrin remaining in ether constituted fraction IIT. 
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Spectrophotometric examination of the three fractions 
was carried out in chloroform solution (Fig. 2). Fraction I 
had a high content of protoporphyrin, fraction II was 
identical with the porphyrin a of the previous method, and 
fraction III was obviously contaminated with some 
unknown pigment. From this evidence it was considered 
that the preparation of a 5-12% (w/v) HCl fraction as 
described above represents another method of obtaining 
porphyrin a. 

Although the two methods of preparation involve largely 


. the same principles, they differ in some important details. 


In method B, protohaemin is removed from the preparation 
and conversion into the porphyrin gives a preparation of 
porphyrin a, almost free of protoporphyrin, which requires 
relatively little treatment with hydrochloric acid to com- 
plete the separation. 

In method A, the mixed porphyrins must be separated by 
the acid fractionation procedures, and concentrated acid is 
used. Falk & Rimington (1951) have claimed that treat- 
ment with hydrochloric acid alters the absorption spectrum 
of porphyrin a, so the time taken over the acid procedure 
had been kept to a minimum. 

In each case we attempted to obtain a preparation which 
was completely free of protoporphyrin, had band positions 
and relative band intensities similar to the preparation of 
Rawlinson & Hale (1949), and consisted of a single por- 
phyrin, as far as could be ascertained from spectroscopic 
and spectrophotometric measurements of the neutral and 
acid spectra. 


Estimation of porphyrin concentration 


The copper-titration method of Oliver & Rawlinson 
(1951) determines porphyrin. It does not detect non- 
porphyrin impurities that do not react with copper, and it 
was shown (Oliver & Rawlinson, 1951) that preparations of 
porphyrin a contained no copper-binding impurities that 
contribute to the optical-density change at the wavelengths 
used for measurements. 


Copper—porphyrin a complex 

This was prepared from a solution of porphyrin a of 
known concentration by treatment in glacial acetic acid 
solution with a slight excess of copper acetate, in a boiling- 
water bath. The pigment was transferred to ether solution 
and washed with distilled water to remove acetic acid and 
any excess of copper salt. It was stored in dry chloroform 
at 0°. 

Oxime derivatives 


Oximes of both the free porphyrin and the copper 
complex were prepared by the addition of a few mg. of 
hydroxylamine hydrochloride to a pyridine solution of the 
pigment containing anhydrous Na,CO,. The reaction was 
judged to be complete when no further shift in band 
positions could be detected in the Hartridge reversion 
spectroscope. 


Measurement of absorption spectra 


All solvents used in spectrophotometry of the pigments 
were carefully purified by distillation in glass, and, for 
glacial acetic acid, by crystallization before distillation. 
Where possible, solvents were dried. A Beckman spectro- 
photometer (Model DU) was used, at slit widths not ex- 
ceeding 0-1 mm. All solutions were compared in 1 cm. cells 
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with a blank of the pure solvent, over the wavelength 
range 700-350 my. 

In all cases, 5 ml. portions of the stock solution of 
porphyrin a in chloroform (concentration 0-03 mm) were 
rapidly evaporated to dryness in test tubes placed in a 
boiling-water bath, and redissolved at room temp. by 
gently shaking with 5 ml. of the solvent to be used. Two 
5 ml. portions of the stock solutions were transferred to an 
equal volume of pyridine, anhydrous Na,CO, was added to 
each and a few mg. of hydroxylamine hydrochloride were 
then added to one of them. Gentle warming of the solution 
resulted in the rapid formation of the oxime derivative, and 
the solution was cooled to room temperature before 
measurement. 

With the metalloporphyrin, solutions in different 
solvents were prepared from a stock solution in chloroform 
(concentration 0-02 mmo) by the same methods as those used 
for the free porphyrin. The oxime derivative was prepared 
from a pyridine solution of the metal complex as described 
above. For wavelengths below 450 my. the porphyrin 
solutions were diluted 11 times and the metalloporphyrin 
solutions were diluted 6 times, in order to keep optical- 
density values below about 0-7. 

When organic solvents were used, precautions were taken 
to avoid errors due to evaporation and experimental 
checks made to ensure that these were adequate. 


RESULTS 


These are presented as figures showing the ab- 
sorption spectra of porphyrin @ and copper- 
porphyrin a in various solvents, and also of their 
oxime compounds. The absorption spectrum of 
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Fig. 3. Absorption spectra of porphyrin a in neutral 
solvents. - - - - - , In p-dioxan; ——-, in chloroform. 





porphyrin a in p-dioxan and chloroform is shown in 
Fig. 3. Fig. 4 shows the spectrum of porphyrin a 
and its oxime in pyridine solution. Fig. 5 shows the 
spectrum of copper—porphyrin a in chloroform and 
acetic acid, and Fig. 6 the spectrum of the metallo- 
porphyrin and its oxime in pyridine solution. The 
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curves are defined in terms of millimolar extinction 
coefficients (HZ, cm.?/millimole). Table 1 shows the 
millimolar extinctions of porphyrin a and deriva- 
tives at the wavelengths of maximum and of 
minimum absorption. 
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Fig. 4. Absorption spectra of porphyrin a and its oxime. 
Solvent, pyridine. —, Porphyrin a; ——-, oxime. 
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Fig. 5. Absorption spectra of copper—porphyrin a in 
different solvents. —, In acetic acid; -—-, in chloroform. 


DISCUSSION 


In the preparation of pure haemin a and its 
porphyrin, it is necessary to select conditions 
carefully if modification is to be avoided. Whatever 
procedures are adopted, the time of treatment must 
be short and the temperature kept as low as 
possible. In view of the lability of the aldehyde 
group (Rawlinson & Hale, 1949) alkaline conditions 
must be avoided, particularly in crude extracts. 
Strongly acid conditions have been shown to bring 
about a slow change (Falk & Rimington, 1951) and 
we have therefore avoided the use of strongly 
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acidic conditions. Although still not ideal, these 
conditions represent a possible compromise. The 
hydrophobic character of haemin a simplifies its 
separation from other haemin compounds but 
makes complete purification more difficult. The 
lipid material probably inhibits crystallization, and 
in our experience its removal enhances the stability 
of haemin a to alkali. 
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Fig. 6. Absorption spectra of copper—porphyrin a and its 
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oxime. Solvent, pyridine. —, Copper—porphyrin a; 
——-, oxime. 


In developing the methods described for pre- 
paring porphyrin a we have kept a continual check 
on the possibility of modification of pigment. After 
the removal of protoporphyrin in the final purifica- 
tion it was found in method B that further fraction- 
ation was necessary to obtain a pigment identical 
with the porphyrin from method A. In Fig. 2 the 
use of the ‘characteristic’ absorption spectra 
reveals the spectroscopic differences between 
porphyrin a (fraction II) and the other fractions 
obtained. 

Fraction II, which we term porphyrin a, possesses 
a spectral pattern similar to the preparations 
obtained by Rawlinson & Hale (1949) and Falk & 
Rimington (1951), namely oxo-rhodo type (i.e. 
intensities of absorption bands descend im the 
order III, II, IV, I). On the other hand, the 
porphyrin isolated by Dannenberg & Kiese (1952) 
possessed a rhodo-type spectrum, namely the order 
is III, IV, Il, I. These authors have mistakenly 
compared their porphyrin with the oxime derivative 
of Rawlinson & Hale. 

The preparations of porphyrin a used in this 
work show an absorption-band ratio III/IV of 1-9 
(1:88-1:94) in three ‘different solvents (from 
Table 1). This value is considerably higher than 
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Table 1. Absorption band maxima and minima of porphyrin a and some derivatives in various solvents 


Wavelengths are in mp. The figures in brackets are millimolar extinction coefficients. 


Substance and solvent I I Ill IV Soret 
Porphyrin a 
(i) Chloroform Max. 645 (2-65) 585 (13-4) 562 (18-2) 520 (9-6) 418 (141) 
Min. 526 (1-93) 576 (12-5) 536 (6-6) 478 (4:1) 
(ii) Dioxan Max. 644 (2-54) 582 (11-6) 558 (17-4) 516 (10-1) 414 (167) 
Min. 622 (1-60) 572 (9-7) 534 (6-3) 472 (4-0) 
(iii) Acetic acid Max. 646 (2-81) 586 (12-8) 562 (15-9) 520 (8-2) 414 (161) 
Min. 634 (2-58) 576 (12-3) 534 (6-9) 480 (4-1) 
(iv) Pyridine Max. 645 (2-58) 583 (12-4) 561 (17-3) 519 (9-9) 419 (148) 
Min. 624 (1-77) 574 (11-1) 535 (6-5) 476 (4-3) 
Porphyrin a oxime 
(i) Pyridine Max. 639 (2-48) 578 (9-1) 552 (15-9) 512 (12-2) 412 (125) 
Min. 616 (1-30) 567 (6-7) 530 (6-2) 472 (4-2) 
Copper—porphyrin a 
(i) Chloroform Max. 598 (21-8) 550 (9-2) 534 (8-7) _ 415 (125) 
Min. 560 (8-72) 496 (5-40) 
(ii) Acetic acid Max. 596 (22-1) 550 (9-2) 534 (8-8) _- 413 (155) 
Min. 558 (9-00) 492 (4-8) 
(iii) Pyridine Max. 600 (23-8) 552 (11-4) — — 422 (140) 
Min. 570 (9-7) 496 (4-9) 
Copper—porphyrin a oxime 
(i) Pyridine Max. 584 (21-8) 544 (14-2) _- -- 414 (190) 
Min. 560 (11-0) 492 (4-8) 


those of Falk & Rimington (1951) or Rawlinson & 
Hale (1949) but lower than those reported by 
Lemberg (1953), who obtained values between 2-03 
and 2-11. Lemberg also isolated from heart muscle 
a crystalline cryptoporphyrin a which is found in 
close association with porphyrin a and is obtained 
in the 8% (w/v) HCl fraction in the Willstitter 
separation. 

The method of preparing porphyrin a reported in 
this paper makes it highly probable that our 
product was contaminated with cryptoporphyrin a. 
The extinction data given by Lemberg (1953) for 
bands IIT and IV of pure porphyrin a and crystal- 
line eryptoporphyrin a allow the calculation of the 
band ratio III/IV to be expected with mixtures of 
porphyrin a and cryptoporphyrin a. These calcula- 
tions show that only 2% of cryptoporphyrin a 
present in a sample of porphyrin a would suffice to 
lower the III/IV ratio from 2-09 to 1-91. 

Assuming that cryptoporphyrin a is the most 
likely impurity in our preparation, 98 % purity can 
be claimed for the porphyrin a. Further, we do not 
claim an accuracy greater than 2 % for the copper- 
titration method used for the estimation of 
porphyrin concentration, and the degree of purity 
given above is therefore reasonable. 

In this work we have avoided the use of the more 
volatile solvents such as ether, in order to minimize 
evaporation during measurement. In addition, we 
wished to compare the spectra of porphyrin a in 


solvents with different characteristics. Fig. 3 shows 
the absorption spectra of porphyrin a in chloroform 
and dioxan. The general shift of visible bands to 
longer wavelength in the solvent of higher refractive 
index (chloroform) is consistent with that expected 
(Granick & Gilder, 1947). In pyridine and acetic 
acid, the absorption spectra of porphyrin a show 
no appreciable difference in the band positions in 
these two solvents, but the absorption bands are 
sharper in pyridine. 

The curves for porphyrin a and its oxime deriva- 
tives in pyridine (see Fig. 4) confirm previous work. 
There is a general shift of absorption bands to 
shorter wavelengths, and the ratio between band IT 
and band IV changes so as to give a typical rhodo- 
type spectrum for the oxime. 

The spectra of copper—porphyrin a in glacial 
acetic acid and in chloroform (see Fig. 5) are 
similar to those of haemochrome a. Although most 
other covalent metalloporphyrin complexes possess 
very definite «- and f-bands in the visible region, 
the copper complex of porphyrin @ shows only 
weak relative intensity in the f-region, i.e. its 
spectrum resembles that found by other workers 
for pyridine-haemochrome a. In pyridine, (see 
Fig. 6) copper—porphyrin a shows a typical B-band 
instead of two feeble bands in the same region in 
glacial acetic acid and in chloroform. On conver- 
sion into the oxime, the copper complex has the 
more usual type of two-banded spectrum, showing 
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the effect of the free aldehyde group. The Soret 
band of the oxime of the copper complex, in 
addition to being shifted to shorter wavelengths, is 
much more intense than that of the copper— 
porphyrin a itself. 

The similarity of the absorption spectra of 
copper—porphyrin a and pyridine-haemochrome a, 
and their difference from the usual two-banded 
systems of most covalent metal—porphyrin deriva- 
tives, leads us to consider cytochrome a and cyto- 
chrome oxidase. It appears to be widely accepted 
that these components possess the same or closely 
related prosthetic groups, and Lemberg (1953) has 
produced good evidence that haemin a is in fact 
the prosthetic group common to both moieties. In 
general, the two-banded type of spectrum is found 
when the metal bonds are covalent, e.g. in oxy- 
haemoglobin. The ionic complexes, such as 
reduced haemoglobin, usually show a more diffuse 
absorption spectrum. Reduced cytochrome a has 
a visible absorption band at a wavelength (605 my.) 
longer than that of copper—porphyrin a and pyri- 
dine-haemochrome a (598 and 587 mu. respectively). 
The absence of a strong f-band is common to all 
three pigments, and is attributable to the presence 
of a free aldehyde group, as conversion into the 
oxime results in a stronger B-band. The apoprotein 
of the cytochrome must be responsible for the 
significant difference between the position of the 
absorption bands of cytochrome a and pyridine- 
haemochrome a. 
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SUMMARY 


1. Two different methods of preparation have 
yielded porphyrin a with identical characteristics. 

2. The quantitative absorption spectra of 
porphyrin a in chloroform, acetic acid, pyridine 
and dioxan are given and discussed. 

3. The spectral changes brought about by the 
formation of both oxime and copper derivatives of 
porphyrin a have been measured. 
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Ultrafiltration of the Parathyroid Hormone 


By BERYL M. A. DAVIES* anp A. H. GORDON 
National Institute for Medical Research, London, N.W. 7 


(Received 15 December 1954) 


The aim of the present work has been to ascertain 
whether ultrafiltration through cellophan can use- 
fully be employed as a stage in the purification of 
the parathyroid hormone. This possibility was 
suggested by the dialysis experiments of Davies & 
Gordon (1953), who showed that material able to 
stimulate the excretion of phosphate in the urine 
of rats could pass through such membranes. 
Before such a technique can be applied some means 
must be employed to extract the hormone from the 
glands. 

Since Ellingson, Bell & Hanson (1924) and 
Collip (1925) first established that active extracts 
can be obtained by treatment of parathyroid 
glands with HCl at 100°, very few attempts have 


* Present address: Postgraduate Medical School, 


Ducane Road, London, W. 12. 


been made to vary the solution used for extraction, 
or even the time and temperature employed. 

The conditions required should evidently be such 
as to free the hormone from associated material and 
especially from other hormones, if any such are 
secreted by the same gland, without modifying any 
of the properties of the active molecule itself. If, 
however, several hormones exist in the gland as 
a single large molecule or as a complex of molecules 
depending for stability on forces weaker than 
covalencies, then, in one sense, such conditions 
may be mutally incompatible. An example of this 
type of behaviour has been given by Van Dyke, 
Chow, Greep & Rothen (1942), who showed that the 
oxytocic and antidiuretic hormones of the posterior 
pituitary are associated more or less firmly with 
one another in the juice expressible from the gland. 
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The vigorous extraction with hot HCl which has 
been used so unvaryingly since its introduction by 
Ellingson e¢ al. (1924) and Collip (1925) has the great 
advantage that it most certainly inactivates pro- 
teolytic enzymes which might otherwise destroy the 
hormone. The sensitivity of parathyroid hormone 
to pepsin has been clearly demonstrated by Ross & 
Wood (1942). Thus, so long as the aim of the work 
is to obtain the smallest molecule still retaining 
hormonal activity, the HCl extraction procedure 
might be acceptable were it not for certain recent 
findings suggesting that parathyroid hormone, at 
least as prepared by HCl extraction, is liable to 
form complexes with other protein molecules. 
Thus Handler, Cohn & Dratz (1954) found that 
proteins of very different properties eluted from an 
ion-exchange chromatogram were all active as the 
hormone. 

Unfortunately, the earlier attempts to extract 
parathyroid glands with reagents milder than hot 
dilute HCl have been uniformly unsuccessful 
(Hjort, Robison & Tendick, 1925). More recently, 
the only attempt to avoid the use of HCl had been 
that mentioned above by Davies & Gordon (1953), 
who obtained active solutions by extraction of 
acetone powders of the gland with 80 % acetic acid. 
Even this extraction was done at 75°. For these 
reasons, and because glacial acetic acid has been 
used successfully by Payne, Raben & Astwood 
(1950) for extraction of corticotropin from the 
pituitary, it was decided to use 80 % acetic acid for 
the present experiments. 

Because it had been noticed that these extracts 
are rather unstable, it was decided to carry 
through a preliminary precipitation with acetone 
before going on to the ultrafiltration stage. By this 
means all the material insoluble in acetone—acetic 
acid—water (70:24:6 by vol.) was rejected. Some 
additional purification was also obtained by dialysis 
against water. This was followed by reacidification 
to approx. 2N with respect to acetic acid and ultra- 
filtration. The conditions used were rather similar 
to those described by Cortis-Jones, Crooke, Henly, 
Morris & Morris (1950), who found that cortico- 
tropin could pass through a cellophan membrane to 
a maximum extent at pH 2. 


EXPERIMENTAL 


Materials, Ox parathyroid glands were collected on solid 
CO, at the time of slaughter and kept at —5° until used. 
Acetic acid and acetone were both redistilled before use. 

Biological testing. The mouse urine-phosphate assay 
method for parathyroid hormone of Davies, Gordon & 
Mussett (1955) was used at each stage of the preparation. 
Since one batch of Eli Lilly Parathormone was used as 
standard this gave values of ‘urine phosphate activity’ in 
terms of this material, which was assumed for the purposes 
of these experiments to have 100 phosphate units/ml. The 
results obtained are given in Tables 1-3. 
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Solution I® was also assayed by the rat plasma-calcium 
method of Davies, Gordon & Mussett (1954). The results of 
this assay are given in Table 3. Insufficient I°? was 
available for a full assay, but some information about the 
plasma calcium-raising activity of this material was 
obtained by injecting it subcutaneously into parathyroid- 
ectomized rats at a dose level of 5 mg./rat. Five similar rats 
received 50 U.S.P. units each of Parathormone at the same 
time. The groups of rats were exchanged on a subsequent 
day when the test was repeated. The increases in plasma 
calcium thus obtained are given below (p. 648). 

Preparation of ‘acetone powder’. Acetone powder was 
made from the glands as described by L’ Heureux, Tepper- 
man & Wilhelmi (1947), except that only a single mincing 
was done. This was carried out with the fine plate (2-0 mm. 
holes) on the glands as soon as they had warmed up 
sufficiently to be separable from the frozen mass. As soon 
as it emerged from the mincer the mince was refrozen by 
mixing with solid CO,. A portion (820 g.) of glands thus 
treated yielded 158 g. of acetone powder. This was kept at 

— 5° and worked up as described below. Preparations I, II 
and III were all made from this same acetone powder. 

Extraction of acetone powder with acetic acid. Prepara- 
tion I: 40 g. of acetone powder were suspended in 600 ml. of 
80% (v/v) aqueous acetic acid. By stirring in a water bath 
at about 90° the temperature of the suspension was quickly 
raised to 70° and maintained between 70 and 75° for 5 min. 
Next the flask was gently shaken for 1 hr. on a mechanical 
shaker. At the end of this period the undissolved material 
was removed by filtration through a Biichner funnel, 
covered with the cellulose powder Solka Floc (Brown Co., 
Berlin, New Hampshire). The filtrate (385 ml.) obtained 
was transferred to a beaker which was cooled externally 
with crushed ice. Next acetone was added with stirring to 
a concentration of 70% (v/v). The final temperature was 
15°. After standing for 10 min. in the cold the precipitate 
was removed at the centrifuge and discarded. Further 
addition of acetone to a concentration of 86% (v/v) 
brought down a second precipitate, which was again 
removed at the centrifuge. After two washes with acetone 
the resultant material was dried in vacuo at 0° over H,SO,. 
A light-brown powder (2-21 g.) was obtained. 

Dialysis against water. The powder was suspended in 
water and dissolved by the addition of just sufficient 
0-1n-HCl; the resultant solution was then diluted with 
water to 60 ml. After adjustment of the pH to 5-5 by 
means of 0-1N-NaOH, this solution was dialysed in cello- 
phan at 0° against 21. of water. Dialysis was continued for 
4 days, during which time the water was once renewed. 
After dialysis the solution from inside the membrane was 
freed from a light precipitate at the centrifuge. Samples 
were removed and tested for biological activity/unit of 
dry weight as shown in Tables 1 and 3. 

Ultrafiltration. After dialysis at neutrality, 15-2 ml. of 
glacial acetic acid were added to the solution, thus giving 
117 ml. of solution approx. 2-2N with respect to acetic acid. 
This was now ultrafiltered through a Visking cellophan 
dialysis membrane (1-7 cm. diameter when dry) maintained 
at 2° in the cold room. A pressure of 10 lb./sq.in. applied 
for 90 hr. resulted in the formation of 77 ml. of ultrafiltrate 
I°F, At the end of the period, 31 ml. (1®) were recovered 
from inside the sack, representing a loss of 9ml. by 
evaporation. The ultrafiltrate IU? was evaporated to dry- 
ness in vacuo in the presence of octan-2-ol. The bath 
temperature was not allowed to exceed 40° and the last 
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stages of the evaporation were carried out by shaking the 
flask manually. This was repeated after the addition of a 
few ml. of water to ensure the removal of most of the acetic 
acid. After drying in vacuo over NaOH to complete the 
removal of acetic acid, the solid was dissolved in water by 
the addition of 0-2 m-mole of HCl. Approximately this 
amount of HCl was required to effect solution, which 
occurred at about pH 3-5. Finally the solution was freeze- 
dried and the product I¥¥ stored at 2° in vacuo. 

Repeat preparations. Preparations II and III were made 
just as described above for preparation I, except that 
preparation III was made from 27 g. of the acetone powder. 
In addition, after the first ultrafiltration the residue of 
preparation III (vol. 20 ml.) which had been retained by 
the membrane was diluted with acetic acid so that its 
volume and acetic acid content (approx. 2N) were the same 
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as before the ultrafiltration procedure. Ultrafiltration was 


then repeated in the same manner and ultrafiltrate (2) 
(see Table 1) was thus obtained. 


Investigation of solutions obtained by ultrafiltration 

Activity of I°¥ in respect to plasma-calcium level of rats. 
In the test carried out as referred to above, the average 
increase for the 2 days in plasma calcium was 1-7 mg./ 
100 ml., whereas the corresponding figure due to 50 U.S.P. 
units of Parathormone was 1-0 mg./100 ml. If the plasma 
initial levels are taken into account (Davies et al. 1954), this 
gives z=6-17 for the dose of 5 mg. of I°F and z=5-54 for 
the 50 units of Parathormone. An analysis of variance shows 
that these values were significantly different (P<0-05). 
Previous work at this season of the year yielded an average 
slope of 2-0 for the Parathormone log dose-response (2) 





Table 1. Parathyroid activity before and after passing through dialysis membrane 


Units are units of mouse urine-phosphate activity, Parathormone being assumed to have 100 phosphate units/ml. 





Volume (ml.) Total dry wt. (mg.) Units/mg. dry wt. Total units 
Y i a 5 > i as 
Preparation ...  ... : II Tir" I II III I ee I Il Ill 
Before dialysis against water — 66 343 — — 100—- — 9-1 _ _ 9 190 
After dialysis against water 102+ 1017 51-47 1400 1333 954 — 82 — — 10200 — 
Ultrafiltrate (1) 77 82 34 120 =128 62 438 344 42 5140 4410 2600 
Ultrafiltrate (2) — — 30 — ~ 292 — — 18 — — 520 
Solution retained by membrane 31 30 — — 1208 710 78 99 5-1f 10130 11960 3620 
* Made from 27 g. of acetone powder. 
+ Volume before addition of glacial acetic acid. 
t Solution after second ultrafiltration. 
Table 2. Recovery of urine-phosphate activity after ultrafiltration 
Units of 
Dry wt. (mg.) mouse urine-phosphate activity 
= 
Preparation ... oie I II Ill I II Til 
Ultrafiltrates as % of original solution 8-6 9-6 6-5* 347 27T 41 
Values for ultrafiltrates expected if 12-6 12-6 10-3* 50T 37-57 67 


whole volume had passed through the 
membrane (% of original solutions) 


* Ist ultrafiltrate only. 


t Calculated as percentage of activity of (ultrafiltrate + solution retained by membrane). 


Table 3. Assay results 


Top dose level 
(ug./animal) 


Material 


Mouse urine-phosphate method* 


III Before dialysis against water 330 
Til® 330 
ILIUF (1) 33 
ITTF (2) 50 
II After dialysis against water 180 
112 160 
por 60 
bad 250 
jor 42 
Rat plasma-calcium methodt 
| 35 


oe 
% Limits of error, 


Units/mg. calculated at the 
Potency dry wt. 5% level 

2-01 9-1 72-158 
1-13 5-1 77-133 
0-92 42 55-174 
0-60 18 37-181 
0-98 8-2 58-170 
1-05 9-9 71-143 
1:37 34 71-151 
1-30 78 67-160 
1-19 43 54-213 

53-258 


2-05 7-3 


* Twin crossover design against 0-5 and 1-5 units of Eli Lilly Parathormone. 
{ Triplet crossover design against 20, 50 and 125 units of Parathormone using 18 parathyroidectomized rats. 


| 
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curve. Therefore, assuming this to be the slope, I°F would 
contain 20-7 units/mg. dry wt. 

Ultracentrifuge results. The material 1°¥, which passed 
through the membrane in preparation I, and that, I*, 
which was found inside the sac, were separately dissolved in 
0-1m-NaCl, 0-05 acetic acid and examined in the Spinco 
analytical ultracentrifuge Model E. As is apparent from 
Fig. 1, only a single boundary was observed in each case. 
The details of the conditions under which these investiga- 
tions were carried out are given in Table 4, together with 
the calculated sedimentation constants. 

Electrophoresis. I11°? at a concentration of 0-8% of dry 
matter in 0-1 M-NaCl, 0-05N acetic acid was examined in the 
Perkin-Elmer Tiselius apparatus. The mobilities of the 
three components observed are shown in Table 5 (see also 
Fig. 2). After recovery from the cell, the solution was 
freeze-dried and the solid redissolved in 0-08m calcium 
acetate at pH 5-1. After dialysis for 20 hr. against the same 
solution, a second electrophoresis was carried out. As 
shown in Table 5, three components were again observed. 


DISCUSSION 


Although all preparations of parathyroid hormone 
so far obtained have been shown to contain more 
than one molecular species, some data has already 





Fig. 1. Ultracentrifugal diagrams of I? and I®. a, 6, ¢ 
and d are °F after respectively 48, 128, 208 and 288 min. Fig. 2. Electrophoresis of III" in 0-1m-NaCl, 0-05 acetic 
at 260 000g. e and f are I® after respectively 32 and acid (pH 3-0). Descending side after 84min. (ef. 
160 min. at 260 000 g. See Table 4 for further details. Table 5 for further details). 


Table 4. Ultracentrifuge results 


For conditions see text. 





Dry matter Time at Rotor temp. (free couple) 

in solution 260 000 g one eek comer 
Preparation (%) pH (min.) Initial Final Soo Saf 
yer 1-0 2-9 272 18-0° 21-0° 0-98 0-99 
pF 1-2 3-0 224 20-0° 23-3° 0-98 0-99 
[2 1-0 2-9 224 20-0° 20-0° 1-43 1-45 


* Not corrected for partial specific volume of hormone. 


Table 5. Electrophoretic results on solution III°* 


For conditions see text. 








Potential Mobilities* (10-5 cm.? v-! sec.) 
Time Current gradient (a _- 
Solvent pH (min.) (A) (v/cem.) m B y 
0-1 m-NaCl, 0-05nN acetic acid 3-0 84 0-015 6-9 = 4-4 -3-1 1-27 
0-08m calcium acetate buffer 5-1 46 0-013 8-2 — 6-1 — 2-8 0-0 


* Measured on descending side. é : ; 
+ Since no attempt was made to dialyse at pH 3 it seems probable that the height of this boundary may have been 


artificially increased. 
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accumulated on the molecular size of the hormone. 
Thus material prepared by Ross & Wood (1942) 
showed two components in the ultracentrifuge, the 
smaller having S,,=1-6. Also an active solution 
made by L’Heureux et al. (1947) by acetone pre- 
cipitation, when subjected to 65 400 g for an hour, 
did not show any sedimenting component. The 
present extracts, which were obtained from an 
acetone powder of the gland by means of 80% 
acetic acid, have proved to consist mainly of 
molecules of about the size of the smaller com- 
ponent reported by Ross & Wood (1942), together 
with some yet smaller, capable of passing through 
cellophan. Such ultrafiltrates have been found to 
be active both in respect to plasma-calcium- 
raising ability and stimulation of urine-phosphate 
excretion. By the phosphate assay, this material 
has been shown to be 4-5 times as active on a dry- 
weight basis as the solution before ultrafiltration 
and to represent about half of the total activity 
previously present. Examination at pH 2-9 in the 
ultracentrifuge revealed only a single very slowly 
sedimenting boundary (S,,=1-0). On _ electro- 
phoresis, however, at the same pH three separate 
components were apparent. In view of this com- 
plexity no measurements of diffusion constant or 
partial specific volume have yet been made. It may 
be of interest, however, to note that S,,=1-0 
corresponds to a molecular weight of approxi- 
mately 6000 for molecules of D,.=13-6 and 
V =0-709, the values obtained by Rothen (1940) 
for ribonuclease. This size of molecule is quite small 
enough to have passed through Visking cellophan 
membrane under these conditions [cf. Cortis- 
Jones et al. (1950) and Tallan & Stein (1953)], who 
reported that lysozyme (mol.wt. 14 000-17 000) is 
able to diffuse through Visking cellophan mem- 
brane. Most probably, however, the diffusion 
constant of this material which has a sedimentation 
constant so much below that of ribonuclease 
(Sop = 1-85) is well above 13-6, in which case the 
molecular weight can be expected to be below 
5000. 

Since on ultrafiltration about half of the activity 
always failed to pass through the membrane, the 
question arises as to whether the hormonal 
activity is associated with only one or with more 
than one of the smaller molar species or, on the 
other hand, whether it is also a property of the 
larger molecules with sedimentation constant 
Soo = 1-45. That this latter hypothesis may be true 
is suggested by the results with preparation ITI, in 
which the solution retained by the membrane 
during the ultrafiltration was rediluted with 2N 
acetic acid and then subjected to a second ultra- 
filtration procedure. Only a further 520 units of 
activity were thus obtained. In addition, this 


result suggests that if the molecules (Sj) = 1-45) are 
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really aggregates of small active molecules with 
rather larger inactive molecules then they are not 
freely dissociable on dilution with 2N acetic acid. 

It is of some interest that the present most 
active material has an activity of just over 40 
units/mg. in the mouse urine-phosphate assay. 
This is very close to the figure of 44 units/mg. 
found by A. H. Gordon (unpublished) for material 
purified by electrophoresis in 0-1 calcium acetate 
buffer at pH 5-8. In addition, the activity of I°” in 
respect to the plasma-calcium level of rats has been 
roughly assessed. Assuming it to be some 20 units/ 
mg. (see p. 648 for the assumptions involved) we 
have a urine-phosphate/plasma-calcium activity 
ratio of about 2. Since this ratio was determined 
only once and the calcium activity measured only 
approximately, this result taken by itself is not 
important; however, it acquires interest when 
compared with the findings of Davies et al. (1955), 
who obtained a urine-phosphate/plasma-calcium 
activity ratio of 2-6 for a preparation made 
according to L’Heureux et al. (1947), and of 
Kenny, Vine & Munson (1954), who report a ratio 
of 3-6 for a ‘crude hot acid extract of bovine glands’. 

Apparently, preparations of the hormone in 
which the ratio of urine-phosphate to plasma- 
calcium activity is higher than that characteristic 
for Parathormone can easily be obtained by a 
number of different methods. 

The electrophoretic heterogeneity of the present 
ultrafiltrates prevents any decision as to whether 
both the biological effects of the hormone are due 
to a single molecular species. The very low iso- 
electric point of one of the components present 
(below pH 3) should, however, facilitate separation. 
Meanwhile, it is of interest that these ultrafiltrates 
contain only molecules considerably smaller than 
any previously shown to carry the hormonal 
activities. It thus appears that the chemical 
structures necessary for parathyroid activity form 
part of a molecule or molecules of about the same 
size as that of corticotropin. 


SUMMARY 


1. A method for extraction of hormone from 
acetone powders of the parathyroid gland by the 
use of acetic acid is described. 

2. The extracts thus obtained have been 
fractionated by precipitation with acetone and 
then subjected to ultrafiltration through cellophan. 

3. Assays based on the ability of the ultra- 
filtrate to stimulate the excretion of urinary 
phosphate in mice show that a four- to five-fold 
purification is achieved in the ultrafiltration step. 

4. Preliminary ultracentrifugal and_ electro- 
phoretic examination of this material has shown it 
to consist of more than one molecular species. 








55 


th 
Ot 


st 


nt 
er 
1€ 
nt 


BS 


al 
al 


16 





OO rr rr, = ee sr ee 


Vol. 61 


We wish to thank Sir Charles Harington, F.R.S., for his 
continued interest in this work, which was initiated at his 
suggestion. 

Sincere thanks are also due to Miss M. V. Mussett, who 
has carried out the statistical analyses. 


REFERENCES 


Collip, J. B. (1925). J. biol. Chem. 63, 395. 

Cortis-Jones, B., Crooke, A. C., Henly, A. A., Morris, P. & 
Morris, C. J. O. R. (1950). Biochem. J. 46, 173. 

Davies, B. M. A. & Gordon, A. H. (1953). Nature, Lond., 
174, 1122. 

Davies, B. M. A., Gordon, A. H. & Mussett, M. V. (1954). 
J. Physiol. 125, 383. 

Davies, B. M. A., Gordon, A. H. & Mussett, M. V. (1955). 
J. Physiol. 130, 79. 

Ellingson, E. D., Bell, A. W. & Hanson, A. M. (1924). Proc. 
Soc. exp. Biol., N.Y., 21, 274. 


ULTRAFILTRATION OF THE PARATHYROID HORMONE 


651 


Handler, P., Cohn, D. V. & Dratz, A. F. (1954). Studies on 
the Purification of Parathyroid Extract. In Metabolic 
Interrelations with Special Reference to Calcium. Trans. 
5th Josiah Macy Conf. p. 320. New York: Progress 
Associated Inc. 

Hjort, A. M., Robison, 8S. C. & Tendick, F. H. (1925). 
J. biol. Chem. 65, 117. 

Kenny, A. D., Vine, G. B. & Munson, P. L. (1954). Fed. 
Proc. 13, 241. 

L’Heureux, M. V., Tepperman, H. M. & Wilhelmi, A. E. 
(1947). J. biol. Chem. 168, 167. 

Payne, R. W., Raben, M. S. & Astwood, E. B. (1950). 
J. biol. Chem. 187, 719. 

Ross, W. F. & Wood, T. R. (1942). J. biol. Chem. 146, 49. 

Rothen, A. (1940). J. gen. Physiol. 24, 203. 

Tallan, H. H. & Stein, W. H. (1953). J. biol. Chem. 200, 
507. 

Van Dyke, H. B., Chow, B. F., Greep, R. O. & Rothen, A. 
(1942). J. Pharmacol. 74, 190. 


Radioactive Compounds Excreted by Rats Treated with 
35S -labelled British Anti-Lewisite. Preliminary Studies 
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Although British Anti-Lewisite (BAL) has been 
used, since its discovery, for the treatment of cases 
of poisoning by heavy metals (Stocken & Thomp- 
son, 1949), and more recently as a chemothera- 
peutic reagent in neurological disorders (Cumings, 
1951; Streifler & Feldman, 1953), little is known of 
its metabolism in the mammal. Stocken & Thomp- 
son (1946) reported that the urine of rats and 
rabbits which had been given BAL by injection 
showed a strong nitroprusside reaction and an 
increased iodine uptake during the first few hours 
after administration, indicating the possible 
presence of a thiol. Evidence was adduced by 
Spray, Stocken & Thompson (1947) to show that in 
rabbits injected with BAL a dithiol compound was 
excreted which was very similar to BAL but not 
identical with it. Simpson & Young (1950) were 
also unable to detect the presence of BAL in the 
urine of rats treated with BAL. In further experi- 
ments, Spray (1947) concluded that BAL is not 
conjugated with sulphuric acid and he obtained 
indirect evidence that BAL might be excreted in 
conjugation with glucuronic acid. 

Studies with *5S-labelled BAL have shown that, 
in rats, most of the *°S is excreted in the neutral 
sulphur fraction of the urine (Peters et al. 1947; 
Simpson & Young, 1950). Similar results were 
obtained in the present work, which showed 


* Present address: Department of Biochemistry, 
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further that the greatest excretion occurred during 
the first 6hr. after administration of the BAL. 
Because the sulphur of the BAL appeared to be 
excreted in an organically bound form, it was felt 
that an investigation of this sulphur-containing 
material would provide information concerning the 
manner in which BAL is metabolized. It was first 
necessary to determine whether one or more com- 
pounds derived from BAL were excreted and this 
was done mainly by paper chromatography. 
A system was developed for the detection of BAL 
on paper chromatograms and this was applied to 
the urines of rats which had been injected with 
radioactive BAL. The chromatograms were scanned 
for radioactive areas. It appeared that at least two 
radioactive materials were excreted; although 
these have not yet been identified, it appeared that 
one of the compounds is the chief excretory product 
of BAL. The second compound behaved like 
inorganic sulphate. A third material, detected in 
acidified urine, appeared to be a derived product 
resulting from the action of acid on other radio- 
active substances in the urine. Free BAL was not 
detected. 


METHODS 


Determination of radioactivity. To determine the radio- 
activity in the total sulphur of urine or other materials 
containing organically bound sulphur, the material was 
oxidized in a Carius bomb (cf. Young, Edson & McCarter, 
1949). After heating, the bomb was cooled and opened, 
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and the contents transferred quantitatively to a 100 ml. 
beaker and evaporated to dryness under an infrared lamp. 
To the residue, in 5 ml. of water, was added enough non- 
radioactive Na,SO, to bring the total sulphur in solution to 
approximately 2 mg. The sulphate was precipitated as the 
benzidine salt (Young e¢ al. 1949) and the salt collected on 
a weighed filter paper disk, 2-56 cm. in diameter, using an 
apparatus similar to that described by Henriques, Kistia- 
kowsky, Margnetti & Schneider (1946), except that the 
filter paper was supported on a perforated brass disk 
instead of a sintered glass disk. This arrangement allowed 
the rapid filtration necessary for the formation of a smooth 
layer of benzidine sulphate on the filter paper. After 
washing with 95% ethanol and ether, the paper and 
adhering precipitate were removed, dried in air and 
weighed. These samples were counted with a Geiger— 
Mueller tube with a mica end-window of thickness 1-6 mg./ 
cm. or in a windowless methane flow counter. (Type 
CFIS-2, purchased from Atomic Energy of Canada Ltd., 
Chalk River, Ontario). Corrections for decay were made by 
referring to a standard source of radioactive benzidine 
sulphate and for self-absorption using a curve in which 
counts obtained with samples of radioactive benzidine 
sulphate of varying thicknesses were expressed in terms of 
the count of a sample of thickness of 17-6/em.? (2 mg. 8). 
Where no carrier sulphate had been added, specific activities 
were calculated directly from the weight of the benzidine 
sulphate. When carrier sulphate was added, a quantitative 
determination of sulphur was made on another portion of 
the original material. 

Preparation of *°S-labelled BAL. The **S used was ob- 
tained from Atomic Energy of Canada Ltd. as a dilute 
solution of H,**SO, in aqueous HCl. A small amount of 
carrier SO,?- was added to this and Ba**SOQ, precipitated 
from the solution. This was reduced to Ba**S, which in 
turn was converted into radioactive NaHS (cf. Peters e¢ al. 
1947). Labelled BAL was then prepared from the NaHS 
and 2:3-dibromopropanol (Simpson & Young, 1950). In a 
typical preparation, using 3 g. of 2:3-dibromopropanol, the 
yield of BAL was 40%. (Found: SH, 52-8, 52-99% by 
iodine titration. Calc. for C;H,0S, : SH, 53-2%.) This BAL 
had a specific activity of 3000 counts/min./mg. of S. In order 
to test the radioactive purity of the BAL, a portion was 
converted into the crystalline 2-phenyl-4-hydroxymethyl- 
1:3-dithiolane, m.p. 67—68°, as described by Simpson & 
Young (1950). (Found: 8, 30-0, 30-2 %; Calc. for C,)H,,08,: 
S, 30-2%.) The dithiolane had a specific activity of 3012 
counts/min./mg. of 8, in excellent agreement with the BAL 
used as starting material. 

Determination of sulphur and **§ in the urine fractions. In 
the experiments on the rats of groups 1 and 2 only total 
sulphur and total sulphate of urine and the radioactivity in 
these fractions were determined (cf. Simpson & Young, 
1950). With this method, however, it could not be certain 
that true values for total sulphate could be obtained. 
Further, the precipitates of benzidine sulphate in the total 
sulphate determinations did not pack to smooth layers on 
filtration, and it was difficult to obtain agreement between 
counts on duplicate samples. Accordingly, in later experi- 
ments a procedure based on the work of Owen (1936) and 
McKittrick & Schmidt (1945) was used to determine total 
and inorganic sulphate. To 1 ml. of urine, or 1 ml. of urine 
plus carrier sulphate, was added 0-5 ml. of 3N-HCl and the 
acid solution was evaporated almost to dryness. Bromo- 
phenol blue indicator solution was added and dilute NaOH 
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was added dropwise, with stirring, until the bromophenol 
blue end-point was reached. Dilute HCl was then added 
to bring the solution just to the acid side of the indicator. 
At this pH, approximately 2-8, benzidine sulphate has its 
minimum solubility. The salt was precipitated and 24 hr. 
later it was filtered off, weighed and counted. Inorganic 
sulphate was determined on another sample of urine which 
was not hydrolysed with HCl. Neutral sulphur was then 
calculated from the total sulphur and total sulphate. 

In many instances, in order to conserve as much of the 
urine as possible for other studies, determinations were 
carried out on samples of the order of 0-1 ml. or less. This 
was done by suitable adaptation of the colorimetric method 
described by Dodgson & Spencer (1953), using a Cenco 
Photelometer, Clinical Type C-5. Total and inorganic 
sulphate were determined on 5-30yl. portions and total 
sulphur on 5yl. samples of the urine. Radioactivity was 
measured on separate samples to which carrier sulphate 
was added. 

Detection of BAL by paper chromatography. Descending 
chromatograms of the urine or other solutions were run on 
strips of Whatman no. | filter paper, using as a solvent 
tert.-butanol—water (75:25 by vol.). For chromatography, 
the jar was flushed out with nitrogen and sealed. After 
24 hr. the paper was removed and dipped, while still wet, 
into a 1 % (w/v) solution of nickelous chloride. The presence 
of BAL on the paper was indicated by the formation of a 
brown spot with an R, value 0-90-0-95. By this technique 
it was possible to detect 10-20yug. of BAL, applied as a 
known solution in urine, water or ethanol. Cysteine, in 
amounts of the order of 10-20yg., gave a green spot, 
R,=0-20, which appeared after the paper had dried for a 
few hours after dipping. Other solvent systems, such as 
phenol—water (80:20, v/v), n-butanol saturated with water, 
and tert.-butanol-water (50:30, v/v) were also tried with 
some success, but the best-defined BAL spots were 
obtained with the ¢ert.-butanol-water mixture. 

Radioactive chromatograms (radiochromatograms). Urine 
was collected for specified periods from groups of rats 
which had been given *S-labelled BAL by intraperitoneal 
injection. Chromatograms were prepared as described 
above, on paper strips 15 cm. wide, 4 urine spots being 
placed on one strip. When the strip was removed from the 
jar, it was allowed to dry in air. From the wide strip a 
narrower strip, 2-8 cm. wide, was cut, containing the path 
followed by the urine spot to be studied. This strip was 
divided into transverse sections 1 cm. in width, starting 
from the section just before the origin of the chromatogram 
and extending to the solvent front. Each small section was 
then counted. The observed count of each section, after 
being corrected for background, was then plotted against 
the corresponding R, value to give a diagram as shown in 
Fig. 1. No corrections were made for self-absorption in 
these experiments. 


Animal experiments 


In the first experiment, 6 male Wistar rats were used, 
in two groups of 3. Rats of group 1, 737 g. and those of 
group 2, 796 g. Each rat was given, in a single intraperi- 
toneal injection, 20-3 mg. of BAL dissolved in 0-5 ml. of 
propylene glycol. The BAL had a specific activity of 
9100 counts/min./mg., so that each group received a total 
of 5-54 x 10° counts/min. of *S. Each group of rats was 
placed in a metabolism cage which permitted the collection 
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oe) 
= of urine separately from faeces. The animals were allowed excreted during the 0-3 hr. period to allow any sulphur 
a water ad lib., while in the cage, but for feeding purposes analyses to be made. Apparently the amount of BAL 
se they were transferred to a different cage for 2 hr. intervals administered to these two groups was too small to have the 
it every 12 hr. and the urine excreted during these intervals _ slight diuretic effect observed with larger doses. 
= was added to the main collection. Urine was collected for Into each rat in groups 5 and 6, which had combined 
i the periods 0-3, 3-6, 6-12, 12-24 and 24-48 hr. In these weights of 625 and 656g. respectively, was injected 
sh experiments sufficient dilute HCl was added tothe collecting 14-5 mg. of the radioactive BAL in 0-5 ml. of propylene 
a vessels to maintain the urine at about pH 1, in order to glycol, approximately 3 times the amount of BAL ad- 
minimize the loss of any BAL which may have been ministered to the animals in groups 3 and 4. Each group 
2) excreted. It was shown by Simpson & Young (1950), and _— received a total of 5-06 x 10® counts/min. of *S. Urines 
= confirmed here, that the loss of BAL in urine exposedto the __ were collected for the periods 0-3, 3-6, 6-12, 12-24 and 
a air is reduced if the urine is acidified. In this experiment 24-48 hr. after injection, no acid being added to the urine 
di only total sulphur and total sulphate were determined, so _ of group 6. 
is that it was possible to calculate values only for the neutral When possible, determinations of sulphur and radio- 
+e sulphur fraction. In the experiments involving groups 3-6, activity on the urines were started immediately after 
al BAL of a much higher specific activity was used. Two dose _ collection and the radiochromatograms prepared at the 
- levels of BAL were administered, in order to determine same time. Otherwise, the urine was frozen quickly and 
6 whether the amount of BAL had any effect on the partition stored in that condition until used. 
of the excreted *S among the urinary sulphur fractions or 
g on the distribution of radioactive areas detected on the RESULTS 
= radiochromatograms. The effect of collecting the urine in ? oie 
. acid was also studied. Urinary excretion of *S 
,, Each of groups 3-6 consisted of 3 male rats. For periods The urinary excretion of *5S by the injected rats is 
- of 4 or 5 days prior to injection of BAL, each group wWa&S_ = shown in Table 1. The results agree with those 
t, kept in a metabolism cage equipped with a glass separating renorted by previous investigators (Peters et al. 
ie device of the type described by Lazarow (1954), and was 1947: Si &Y 1950 - . 
7 ; Simpson oung, ). It is of interest 
= allowed the stock diet of pellets of U.B.C. Ration 1054 and ah ate ti £ 35g t | ‘d. th 
3 water ad lib. Urine was collected for each 24 hr. period and t hat the excretion S we Cee a 
‘“ determinations were made of the sulphur fractions. The rats highest rate occurring during the first 6 hr. after 
s were then injected with radioactive BAL as follows. The injection and sometimes during the first 3 hr. The 
rats in group 3 (combined weight 625g.) each received rapid metabolic oxidation of BAL was indicated by 
; 5-3 mg. of BAL in 0-5 ml. of propylene glycol in a single the early excretion of radioactive inorganic and 
= intraperitoneal injection. The BAL had a specific activity ethereal sulphate. The amount of BAL admin- 
. of 1-16 x 10° counts/min./mg. BAL so that the group istered did not appear to affect the percentage of 
h received a total of 1-85 x 10¢ counts/min. of “8. Each ratin the injected 35§ which was excreted. 
, group 4 (combined weight 630 g.) received 5-25 mg. of the 
BAL, or a total of 1-83 x 10° counts/min. for the group. Eeretion of neutral sulphur and inorganic sulphate 
‘- The urine of group 3 was collected in acid as in Expt. 1; no z ; Peps “age 1 
is acid was added to the urine of group 4. The urines of both The excretion of most of the *S of the injectec 
| groups were collected for the intervals 0-6, 6-12, 12-24 and 35§-BAL in the neutral sulphur fraction of the = 
1 24-48 hr. after the injection, since insufficient urine was agreed with the finding that the administration 
y — 
e t 
Table 1. Percentage of injected radioactivity excreted by rats given *°S-BAL intraperitoneally 
| Period of collection, hours after injection 
358-BAL y= J . Total % 
5 Group administered Fraction 0-3 3-6 6-12 12-24 24-48 excreted 
: 1 20-3 mg.; Neutral S 23-8 19-1 9-7 9-7 3-5 65-8 
; 5-54 x 10° counts/min. 
; 2 20-3 mg.; Neutral S 24-2 28-6 12-0 11-0 1-5 77-3 
5-54 x 10° counts/min. — 
| 3 5-3 mg.; Neutral S 31-0 18-1 57 1-4 56-2 
1-86 x 10® counts/min. Inorg. SO,?- 1-2 1-2 0-8 0-3 35 
| Ethereal SO,?- 0-05 0-5 0-1 0-0 0-65 
4 5-25 mg.; Neutral S 23-1 15-3 = 1-0 — 
| 1-83 x 108 counts/min. Inorg. SO,?- 1-0 0-8 . 0-1 = 
. Ethereal SO,?- 0-2 0-2 . 0-0 — 
: 5 14-5 mg.; Neutral S 26-0 14-3 6-5 3-0 0-9 50-7 
! 5-06 x 10° counts/min. Inorg. SO,?- 1-3 1-2 0-5 0-6 0-2 3-8 
; Ethereal SO,?- 0-1 0-1 0-1 0-1 0-05 0-45 
; 6 14-5 mg.; Neutral § 19-0 29-4 12-3 3-4 1-1 65-2 
5-06 x 10® counts/min. Inorg. SO,?- 1-4 1-3 0-8 0-6 0-3 4-4 
Ethereal SO,? 0-1 0-0 0-1 0-1 0-0 0-3 


* This urine sample was lost before determinations were completed. 
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of BAL led to an increased excretion of total 
neutral sulphur during the 24 hr. period following 
the injection, in agreement with the earlier 
observations of Spray (1947). Spray also reported 
a marked rise in the excretion of inorganic sulphate. 
No such rise was observed in the experiments 
described herein. Spray (1947) attributed the 
increased excretion of inorganic sulphate to tissue 
damage resulting from the injection (cf. Cuthbert- 
son, 1930, 1931). In his work the BAL was 
injected intramuscularly or subcutaneously, where- 
as in the experiments which have been described 
herein the BAL was administered to the rats intra- 
peritoneally in smaller amounts than those used by 
Spray, and it is possible that tissue damage 
suffered by the rats may not have been sufficiently 
great to lead to an increased sulphate excretion. 


Paper chromatography of the collected urines 


Radiochromatograms were prepared from each 
collection of urine. In several instances, a second 
chromatogram was prepared which was treated 
with the nickelous chloride solution to test for the 
presence of free BAL. None was detected in any of 
the collected urines, either by the use of the colour 
reagent, or radioactive scanning. 


B. TAMBOLINE, A. T. MATHESON AND S. H. ZBARSKY 


1955 


collected 24-48 hr. after injection because in these 
the observed counts were very close to background 
and they were of doubtful significance. 

A typical diagram of observed radioactivity 
versus FR, value is shown in Fig. 1, which represents 
the radiochromatograms obtained from the urine of 
the rats of group 5. 

The R, values of the peaks shown in Table 2 
were not constant, shifting in several cases to 
higher values. The reasons for the shift were not 
investigated. It should be pointed out, however, 
that in these experiments the chromatograms were 
prepared from the urine as collected. Some of the 
urines were diluted during collection by the drink- 
ing water in the metabolism cages, with the result 
that the urines differed in concentration of salts 
and of other substances. The former, especially, 
may have affected the R, values of the radioactive 
materials. 

The data in Table 2 show that the peak with R, 
range of 0-53—0-68, attributed to compound 2, was 
detected in the urine of all the groups of rats. This 
material was present in considerable amount and 
appears to be the chief radioactive excretory 
product of the injected *S-BAL. In the urines of 
those rats which received the larger doses of BAL 


Table 2. Radioactive areas on filter-paper radiochromatograms of urine excreted by rats 
given ®S8-BAL intraperitoneally 


Period of Ry at most active part of 
collection radioactive area Counts/min. at most active part 
of urine Oe a 
Group (hr.) 1 2 3 1 2 3 
3 0-6 0-62 0-75 — 1014 700 
(15-9 mg. BAL) 6-12 — 0-66 0-79 — 255 153 
12-24 _ 0-62 0-75 a 52 48 
4 0-6 0-07 0-59 — 109 943 -- 
(15-75 mg. BAL) 6-12 — 0-68 — = 622 _ 
12-24 ~ 0-73 _ _ 305 — 
5 0-3 0-02 0-53 0-62 301 1981 1469 
(43-5 mg. BAL) 3-6 0-02 0-53 0-66 91 612 760 
6-12 0-02 0-60 0-74 36 420 436 
12-24 0-03 0-59 0-70 21 48 36 
6 0-3 0-03 0-61 _- 742 242 — 
(43-5 mg. BAL) 3-6 0-03 0-66 — 214 754 _ 
6-12 0-03 0-66 — 38 436 — 
12-24 0-03 0-66 — 23 82 — 


The radiochromatograms of the urines of the rats 
of groups 1 and 2 showed several radioactive areas. 
In several instances, however, little significance 
could be attached to the observed counts since they 
were only slightly above background. The rats of 
groups 3-6 received BAL of much higher specific 
activity, and the radiochromatograms of the urines 
from these animals showed radioactive areas with 
considerable radioactivity. The radioactivities and 
R, values of the peaks of these areas are shown in 
Table 2. No values are shown for the urines 


(groups 5 and 6) a peak was observed close to the 
origin, R,=0-02-0-03. This material has been 
designated compound | and may be responsible for 
the peak of R, = 0-07 found for the 0-6 hr. urine of 
group 4. It is possible that some of the material 
contributing to this peak may be inorganic sul- 
phate. Radiochromatograms prepared from solu- 
tions of Na,**SO, showed single radioactive areas 
with the same R, value. Other evidence, however, 
indicated that the first peak may not have been 
due entirely to inorganic sulphate. Calculations 
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showed that the amount of radioactivity present as 
compound 1 in several of the chromatograms con- 
stituted a greater percentage of the total radio- 
activity on the radiochromatogram than could be 
accounted for by the inorganic sulphate in the 
urine. One possibility is that, since this material 
occurred so close to the origin of the chromato- 
grams, it may have included radioactive material 
which did not migrate as the solvent descended on 
the paper. 







Counts/min. 
8S Srgs 88 88 
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Fig. 1. Radiochromatograms of urine excreted by rats 
of group 5. Each rat received by intraperitoneal in- 
jection 145mg. of *S-BAL in 0-5ml. propylene 
glycol and urine was collected in acid for the indicated 
periods after injection. Total radioactivity administered, 
5-06 x 10° counts/min. 


The third peak, corresponding to compound 3, 
was observed only in those urines collected in acid, 
the pH of which was approximately 1. It was 
thought that this material may have arisen as a 
result of the action of acid on other radioactive 
material in the urine. To test this possibility, an 
experiment was carried out in which urine giving 
a peak for compound 2 only was acidified and a 
radiochromatogram of the acidified urine was 
prepared. It was found that the urine now gave 
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two peaks corresponding to compounds 2 and 3. In 
another experiment, an acidic urine sample which 
showed peaks for both 2 and 3 was made more 
strongly acid and another radiochromatogram 
prepared. It was found that the height of peak 2 
had decreased, while that of peak 3 had increased. 
These results suggest that compound 3 is not an 
excretory product, but arises after excretion 
through the action of acid on other material in the 
urine. 


Stability of ®S-BAL in rat urine at pH 1 


The possibility was considered that BAL may 
have been excreted in urine by the injected animals 
and converted after excretion into compounds which 
were responsible for the observed radioactive areas 
on the radiochromatograms. To test this possi- 
bility, urine was collected from a group of three 
untreated rats and the pH adjusted to 1. A known 
amount of *§-labelled BAL, having a specific 
activity of 9100 counts/min./mg., was dissolved in 
this urine to give a solution with an activity of 
20 000 counts/min./ml. of urine. Two sets of paper 
chromatograms of this solution were prepared after 
it had been allowed to remain at room temperature 
for periods of 0, 3, 6, 9, 12, 24 and 48 hr. One set 
was scanned for radioactive areas, and each radio- 
chromatogram was found to show only one radio- 
active peak at R,=0-89-0-93, characteristic of 
BAL, for the solvent used. The second set of 
chromatograms was treated with the nickel 
chloride solution and the brown spot due to BAL, 
R,=0-91, was observed in all the chromatograms 
except those prepared from the urine solution after 
it had been allowed to stand for 24 and 48 hr. It 
was of interest that the use of the counting tech- 
nique showed the presence of BAL when the 
amount remaining was apparently too small to be 
detected by the colour reagent. 

It was concluded from the above results that the 
observed peaks in the urines of injected animals 
were not due to compounds derived from excreted 
BAL. The results also provide added evidence that 
little, if any, BAL was excreted by the injected rats. 


DISCUSSION 


As has been shown by other investigators (Peters 
et al. 1947; Simpson & Young, 1950), the admini- 
stration of **S-labelled BAL to rats was followed 
by the rapid excretion of most of the *°S in the 
neutral sulphur fraction of the urine. In the present 
work, the BAL was injected intraperitoneally, and 
50-77% of the radioactivity was found in the 
urinary neutral sulphur during the 48 hr. following 
injection; 3-4-4-4% was excreted as inorganic 
sulphate and 0-3-0-6 % as ethereal sulphate. The 
highest excretion of **S occurred during the first 
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6 hr. and in some experiments during the first 3 hr. 
after injection. The amount of BAL administered 
did not appear to influence the general excretion 
pattern. A rise in the total neutral sulphur was 
observed during the 24hr. period following the 
injection of BAL. No effect was found on the 
excretion of total inorganic sulphate, although 
Spray (1947) had found a marked rise in the 
excretion of inorganic sulphate by rats given BAL 
subcutaneously or intramuscularly. 

Filter-paper radiochromatograms of the urine 
samples showed radioactive areas of R, ranging 
from 0-53 to 0-68 in all the samples. The radio- 
active material appearing in this area of the filter 
paper has been designated compound 2 and appears 
to be the main excretory product of BAL. A study 
of the identity of this material is now under way. 
Another radioactive peak, corresponding to com- 
pound 1, was found in the urine excreted by the 
rats which received the larger amounts of BAL. It 
has been assumed that the amount of this material 
excreted by those rats receiving the smaller doses of 
BAL, 5-25 and 5-3 mg. each, was too small to be 
detected by counting. The peak appeared close to 
the origin, R,= 0-02-0-03, and there is evidence to 
suggest that some of the material contributing to 
the peak may be radioactive inorganic sulphate. 
The possibility is not excluded, however, that part 
of the radioactivity present in this area arose from 
other material which did not descend on the filter 
paper. 

A third radioactive area, corresponding to 
compound 3, with an R, ranging from 0-62 to 0-79, 
was observed only in those urines which had been 
collected in acid, and it was concluded on the basis 
of other evidence which has been cited that this 
material was not an excretory product but was 
produced in the urine, after excretion, through the 
action of acid. 

Although no other radioactive peaks were ob- 
served, it is possible that other radioactive pro- 
ducts may have been present and escaped de- 
tection. The observed radioactive areas on the 
chromatograms sometimes extended over a con- 
siderable distance on the filter paper and, especi- 
ally where relatively large amounts of activity were 
present; these may have masked smaller peaks. 
Further, the method of scanning the radiochromato- 
grams may not have given fine enough resolution, 
where high levels of radioactivity were encoun- 
tered. 

The presence of unchanged BAL was not indi- 
cated on any of the radiochromatograms, even on 
those of the urines collected during the first 3 hr. 
after the injection of the labelled BAL. The use of 
nickelous chloride as a colour reagent also failed to 
show the presence in the urine of BAL or of other 
free thiol compounds. 
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SUMMARY 


1. Following the intraperitoneal injection of 
358-labelled BAL into rats, there was an im- 
mediate excretion of the S in the urine, most 
being excreted within the first 6 hr. 

2. During the 48hr. period after injection, 
50-77 % of the injected radioactivity was found in 
the neutral sulphur fraction of the urine, 3-4-4-4% 
in the inorganic sulphate fraction and 0-3—0-6 % in 
the ethereal sulphate fraction. 

3. The injection of BAL led to a rise in the total 
neutral sulphur excretion. No effect was observed 
on the excretion of inorganic sulphate. 

4. A method has been described for the detec- 
tion of BAL by filter-paper chromatography, using 
tert.-butanol—water as solvent and a 1 % solution of 
nickelous chloride as the colour reagent. A brown 
spot, R,=0-92, indicates the presence of BAL in 
amounts as low as 10-20 yg. 

5. Filter-paper chromatograms of the urine 
excreted by the injected rats were scanned for 
radioactive areas. A radioactive area, with R, of 
0-53—0-68, was observed in all the urines. This 
material appeared to be the major radioactive 
excretory product of **S-labelled BAL. A second 
peak of activity, R, 0-02—0-03, was detected in the 
urine of the animals receiving the larger doses of 
BAL and may be due, in part at least, to morganic 
sulphate. A third radioactive area, R, 0-62—0-79, 
was observed only in urines collected in acid. It 
was concluded that this material was formed 
through the action of acid on other radioactive 
compounds in the urine. 

6. Unchanged BAL was not detected in the 
urine of the injected rats. 


The authors are pleased to acknowledge the support of 
the Defence Research Board of Canada under Defence 
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Cholesterol Metabolism 


4. THE NEUTRAL FRACTION OF THE FAECAL LIPID OF RATS FED DIETS 
WITH LOW AND HIGH CHOLESTEROL CONTENTS* 


By CHRISTINE RIDDELL anp R. P. COOK 
Biochemistry Department, Queen’s College, Dundee (University of St Andrews) 


(Received 1 March 1955) 


In this communication an account is given of the 
neutral fraction or unsaponifiable matter (UM) of 
the extract (ether- and ethanol-soluble materials) 
of the faeces of rats fed diets with and without 
added fat (16-6 %), containing either small amounts 
of sterols (C series) or with added cholesterol 
(1:6%; S series). Emphasis has been placed on the 
products of faecal excretion in the intact animal as 
an indication of the pathways of sterol degradation. 

The excreted material represents the final result 
of a number of processes. There is the contribution 
by the unabsorbed lipid component of the diet—for 
example carotenoids and vegetable sterols—and in 
the case of the diets containing added cholesterol 
a considerable part: is unabsorbed. The secretions of 
the intestine and the microbial population of the 
gut also contribute to the lipid component. A dis- 
cussion of the factors is given by Cook (1952). 

In calculating the effect due to the administered 
cholesterol it has been taken that the subtraction of 
the faecal material of the C series from that of the 
S series shows the gross changes undergone by the 
sterol in the entire animal. Here a number of 
processes again are concerned and the products 
include the compounds formed after absorption 
and excreted either via the bile or by the intestinal 
mucosa, those compounds metabolized by the 
intestine itself and those derived from microbial 
action. It is impossible to separate these pro- 
cesses, but the work is exploratory and is intended 
to devise methods suitable for studying metabolic 
degradation products of sterols. Apart from the 
major sterols (cholesterol and coprostanol) there is 
little information on the chemical nature of the 
neutral fraction of faeces. It has not been possible 
to isolate all the compounds present, but by the use 
of chemical and physical methods and by paper 


* Part 3: Cook & Thomson (19514), 
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partition chromatography good evidence has been 
obtained for the presence in small amounts of a 
number of compounds. The main methods used 
have been adsorption chromatography on alumina 
and recrystallization, together with some chemical 
separations. The cholesterol used in these experi- 
ments, and in former work, contains small amounts 
of companion sterols such as cholestanol (see Fieser, 
19536 and Discussion, p. 669). 

The feeding experiments and preparation of 
initial UM and acidic fractions were done in 
collaboration with Dr D. C. Edwards and Dr R. O. 
Thomson. A preliminary account has been pub- 
lished (Cook & Edwards, 1952). 

Nomenclature. The Ciba Foundation Rules (see 
J. chem. Soc. 1951, p. 3526) are followed generally, 
but some trivial names are used. Cholesterol is 
cholest-5-en-3f-ol, lathosterol cholest-7-en-38-ol; 
7-dehydrocholesterol is cholesta-5:7 dien-38-ol and 
coprostanol coprostan-38-ol (58-cholestan-3£-ol). 
The name ‘stenol’ is used to designate unsaturated 
sterols, with the prefix A5- or A7- to indicate double 
bond position; ‘stanol’ is used for saturated 
sterols. The prefix 3a- or 38- is used to indicate 
those sterols that are not and those that are pre- 
cipitated as digitonides by an ethanolic digitonin 
solution. Some abbreviations are used to describe 
diols, e.g. ‘7B-diol’ is cholest-5-ene-38:7B-diol and 
‘24- or 25-diol’ is cholest-5-ene-38:24- (or 25) diol. 
The term ‘phytosterols’ is used generically to 
indicate all sterols of vegetable origin. 


METHODS AND MATERIALS 


Animals. The same strain of rats, method of housing, 
feeding and collection of excreta as used previously were 
employed (Cook, Polgar & Thomson, 1950). Six male rats 
were used in each group in each experiment. The faeces 
were collected daily and dried in vacuo at 100°. 
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Diets. The basal diet consisted of powdered animal cake 
(North-Eastern Agriculture Co-operative Society Ltd., 
Aberdeen). The basic composition of this material is (as %) 
starch equivalent 66, provided by various cereals; protein 
equivalent 16, provided by dried milk and fish meal; fat 
(ether and ethanol extract) 4-6, mineral matter approx. 4:5 
and fibre approx. 9-5. All necessary vitamins were present. 

In the low-fat diet (Expt. VII) the cholesterol (20 g.) was 
mixed intimately with animal cake (1 kg.). In the high- 
fat diets the cholesterol (20 g.) was dissolved in olive oil 
(200 g.) by heating on a water bath and then mixed well 
with the animal cake (1 kg.). 

Cholesterol. Recrystallized cholesterol (Glaxo Labor- 
atories Ltd.) was used. The iodine value was 65-3. 

Olive oil. This was obtained locally and had an iodine 
value 82-5. More detailed analyses of the lipid of the animal 
cake, the cholesterol used and of the unsaponifiable matter 
obtained from the olive oil are given later. 

Extraction of animal cake and of faeces. The extractions 
were made on samples of 100-200g. in a continuous 
extractor, first with ether and then with ethanol. The 
faeces were first extracted in the pellet form, powdered and 
then re-extracted. Analyses were made on both ether and 
ethanol extracts but the reported results are for combined 
extracts. 

Saponification, and extraction of 
unsaponifiable matter (UM) 


The procedure used was based on that described by 
Hilditch (1949). Care was taken to minimize contact with 
air and to avoid overheating during the procedures. The 
extracts (10 g.) were saponified with a solution of KOH 
(3 g.) in ethanol (50 ml.), the solution was boiled under a 
reflux condenser for 3 hr. and most of the ethanol was then 
removed by distillation. The solution was then diluted with 
a large volume of water, the UM extracted in a continuous 
extractor with ether, washed with water, dried with 
Na,SO, and recovered. The acids in the combined soap 
solution and washings were recovered by acidification and 
extraction with ether. The acidic fraction contained about 
5% of UM (mainly cholesterol) which was recovered and 
added to the initially extracted material (see Edwards & 
Cook, 1955). 

Using the mild method of saponification with large 
amounts of extract, the process was not complete and small 
amounts of esters were found in the UM. The esters re- 
covered during the chromatographic separations were 
resaponified (see p. 666). 

Glass joints were lubricated, when necessary, with 
glycerol. 


Detection and estimation of sterols 


Liebermann—Burchard reaction (LB test). Use has been 
made of this reaction (addition of acetic anhydride and 
conc. H,SQ,) in testing fractions. The test may be used to 
detect and estimate ‘fast-acting’ sterols such as 7-dehydro- 
cholesterol and lathosterol (in general A?- and A}.?- 
stenols) and ‘slow-acting’ sterols such as cholesterol (or 
A5-stenols; see Moore & Baumann, 1952). A modification 
of this method by Cook, Kliman & Fieser (1954) has been 
adopted to estimate in a mixture ‘fast-acting’, ‘slow- 
acting’ and ‘other’ sterols. The last mentioned consist of 
stanols such as cholestanol and 3«-stanols which give no 
reaction, their value being obtained by difference. Copro- 
stanol reacts as a slow-acting sterol and is estimated with 
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cholesterol. The 7«- and 7£-diols give a ‘fast’ reaction, but 
because of their greater polarity they may be separated 
from the normal fast-acting companions of cholesterol. 

A sample of cholesterol prepared from the dibromide was 
used as standard for slow-acting sterols, and a sample of 
lathosterol supplied by Dr L. F. Fieser as standard for 
fast-acting sterols. 

The test is given by certain non-sterols, e.g. squalene, 
which gives a brown colour (Wheatley, 1953). Unidentified 
hydrocarbons (not precipitable by digitonin) give a 
reaction similar to that obtained with fast-acting 
sterols. 

Free and total sterols. These were determined on the 
initial extract at first by the method of Schoenheimer & 
Sperry (1934) and later by the modification of Sperry & 
Webb (1950). 

3f-Sterols. These were estimated gravimetrically as 
digitonides in some experiments. 

Saturated sterols (3B-stanols). These were determined by 
the method of Schoenheimer (1930). 

Zimmermann test (Z test). This was used to detect 3-keto 
and 17-keto steroids (cf. Fieser & Fieser, 1949; Broadbent 
& Klyne, 1954). 

Lifschitz test (L test). This was used to show the presence 
of chromogens such as the 7a- and 78-diols. (See Bergstrém 
& Wintersteiner, 1942.) 

Sulphuric acid test. The colour and fluorescence developed 
on the addition of conc. H,SO, have been used as a general 
test for steroids (cf. Bernstein & Lenhard, 1953). 

Iodine value. On large amounts of fractions this was 
determined by the method of Rosenmund & Kuhnhenn 
(1923). On certain samples the micro-modification of 
Yasuda (1931) was employed. 

Acetyl value. The method of West, Hoagland & Curtis 
(1934) was used. The value given is as mg. of acetyl taken 
up/g. of lipid. 

Urea adducts. Use has been made of the capacity of urea 
to form adducts with straight-chain organic compounds, 
in particular, paraffins and aliphatic alcohols (see Truter, 
1951; Schlenk, 1954). 

Separation of 3-ketosteroids. The reagent T (trimethy]- 
ammoniumacetohydrazide chloride) of Girard & Sandu- 
lesco (1936) was used to separate 3-ketosteroids and other 
ketones. In general two treatments of the material were 
given. 

Melting points are uncorrected. Combustion analyses 
were made by Weiler and Strauss, Oxford. Nitrogen was 
determined by the micro-Kjeldahl procedure. 

Optical activity. This was measured on all fractions 
sufficiently light in colour, using 2% solutions in CHCl, 
with sodium light at 20°. 

Spectrophotometry. A Unicam SP. 600 Spectrophotometer 
was used. Solvent: redistilled ethanol. 

Polarography. The method of Robertson (1955) was used 
to detect and estimate 3-ketosteroids. 


Chromatography 


The major separations of the extracts were made by 
adsorption chromatography on alumina. The usual sequence 
of solvents was light petroleum (b.p. 40-60°), benzene, 
ether and ethanol. All solvents used were of Analytical 
Reagent quality and were not redistilled. Two lots of 
alumina were used: (a) Savory and Moore Ltd., London, 
(b) acid-washed alumina supplied by Merck and Co. Ince., 
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Rahway, N.J. It was found that better recoveries were 
obtained from the Savory and Moore alumina if it was 
washed with acetic acid and reactivated. The activity was 
grade II (Brockmann & Schodder, 1941). The alumina was 
used in a ratio of 10 g./g. of lipid and the diameter of the 
column was generally 3-5cm. The loss on the columns 
was 5-10%. 


Paper partition chromatography of the sterols 


These experiments were made in collaboration with 
Dr Margaret Thomson and Miss Anne Henderson. 

The method used was adapted from that described by 
Neher & Wettstein (1952): stationary phase, phenyl- 
cellosolve (2-phenoxyethanol); mobile phase, heptane 
saturated with phenylcellosolve; Whatman no. 7 paper, 
temperature 24°. SbCl, (20%, w/v) in CHCl, is the best 
general reagent for detecting the sterols. 
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cholesterol, or after 20 hr. with respect to cholest-5-ene- 
38:7B-diol. 

Although pure samples of C,,, C2, and Cy A®-stenols gave 
slightly different ratios, there was poor separation when 
they were mixed in equal amounts. Accompanying stanols 
may be separated from A®-stenols. The components of 
mixtures of diols and triols are readily separated, but the 
method is unsatisfactory for ketones. 


Test for artifacts 


In view of the fact that under aerobic conditions 
cholesterol does undergo autoxidation, the behaviour of the 
Glaxo cholesterol to similar conditions as used in the 
extraction and saponification processes was studied. 

Glaxo cholesterol (572 mg.) was refluxed for 18 hr. in 
ether, then for 4 hr. in ethanol; the solvents were then 
removed. The material was treated for 2 hr. with ethanolic 


Table 1. Paper partition chromatography of sterols 


Solvent system is described in text. I indicates immediate colour on spraying; 8S indicates colour develops slowly on 


heating. 


Double bond 
position 


C,, sterols 


Movement relative 
to cholesterol 
(5hr. development) 


Colour with 
SbCl, in CHCI, 


Monohydroxy compounds 


Cholesterol 5 Pink 1-0 
Lathosterol 7 Reddish purple 0-9 
7-Dehydrocholesterol 5, 7 Blue-green; I 0-7 
Cholestanol aad Pink; S 1-1 
Coprostanol Salmon pink; S 1-3 
Cy, sterols 
Brassicasterol 5, 22 Pink 1-0 
Ergosterol 5, 7, 22 Blue-green; I 0-6 
Cgg sterols 
B-Sitosterol 5 Pink 1-0 
a-Spinasterol 7, 22 Grey 0-9 
Stigmasterol 5, 22 Pink 1-0 
Movement relative 
to cholest-5-ene- 
38:7B-diol 
(20 hr. 
Diols Dihydroxy and trihydroxy compounds development) 
Cholest-5-ene-3 8:7 B-diol 5 Blue-green; I 1-0 
Cholest-5-ene-38:7-diol 5 Blue-green; I 0-7 
Cholest-4-ene-38:6-diol 1 Faint brown 0-6 
Cholest-5-ene-3B:24-diol 5 Maroon; I 0-4 
Cholest-5-ene-38:25-diol 5 Maroon; I 0-4 
Triol 
Cholestane-38:5a:68-triol o Yellow-brown; S 0-5 


A?7-Stenols and 7a- and 7-diols gave brilliant colours 
immediately after spraying. Brief heating at 100° was 
necessary with the other sterols and prolonged heating was 
needed to demonstrate stanols. The development time for 
cholesterol and other sterols was 4-5 hr., but to separate 
the more polar diols and triols the time had to be increased 
to about 20 hr. In this time the mobile phase ran off the 
paper and R, values could not be obtained. It was 
possible to obtain an index of the relative position of the 
various compounds by expressing ratios with respect to 


KOH (10 ml.) of the same concentration and under the 
same conditions as used in the saponification process. The 
UM was recovered in the usual manner and gave a product 
(569 mg.) similar in appearance, m.p. and iodine value to 
the cholesterol initially taken. Paper chromatography of 
the original cholesterol and that obtained after treatment 
showed only one spot corresponding to cholesterol. 
Additional evidence that cholesterol is virtually un- 
altered by the procedure used is shown by the fact that on 
a diet containing a minimal amount of fat and of known 
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composition and where there is no absorption, the sterol 
can be recovered from the faecal extract by using the 
procedures employed in this communication (Thomson, 
1951). The reservation must be made that some changes 
may occur in the labile highly unsaturated compounds 
such as A’? -stenols and hydrocarbons of the squalene 
type. A detailed study of their presence would require the 
use of special methods. 


RESULTS 


The diets fed, duration-of experiments, the average 
of the initial and final total weights of the six rats in 
each group, total food, added fat and cholesterol 
ingested are shown in Table 2. The serial numbers 
used previously have been continued. All the 
animals ate the diets and increased in weight by 
approx. 60 g. per animal during the feeding period. 


Table 2 


C. RIDDELL AND R. P. COOK 


1955 


period may be presumed to contain approx. 2 g. of 
sterols of animal origin and approx. 2-5 g. of sterols 
of vegetable origin. The Glaxo cholesterol con- 
sists mainly of cholesterol, but some cholestanol 
and other sterols are present. A part (2%) is not 
precipitable with digitonin and may consist of 
3a-sterols. Squalene is present in olive oil (Thorb- 
jarnarson & Drummond, 1935) and presumably i in 
small amounts in the animal cake. As it is present 
in both C and S series in small amounts and is 
probably absorbed, it may not be regarded as 
forming a large part of the unabsorbed UM. The 
nature of non-precipitable fraction is unknown but 
it probably consists of higher alcohols and caro- 
tenoids (see Discussion). 

The weight of faeces, the faecal excretion of 
ether- and ethanol-extractable material, unsaponi- 


. Duration of experiment, total weight of rats, total food, added fat and cholesterol ingested 


6 rats in each group; C indicates low sterol diet series; S indicates added sterol diet series. 


Duration 


Expt. of expt. 
no. (days) Diet 
Vil 53 Animal cake 
XII 32 Animal cake + olive oil 
XIV 28 Animal cake + olive oil 
Table 3. Analyses of the unsaponifiable matter of 


extracts of the animal cake, olive oil and Glaxo 
cholesterol 


Values as g./100 g. of original material. 


Animal Olive 
cake oil Cholesterol 
UM 1-2 0-4 100 
Digitonin-precipitable 0-25 0-12 98 
sterol 
Sterols 
Fast-acting 0 ~0-01 0-4 
Slow-acting 0-12 — 96-6 
Others 0-13 — 1-0 
UM not precipitable by 0-95 0-3 2-0 
digitonin 


The added cholesterol is the major source of 
sterol for the animals in the S series, but the animal 
cake and olive oil provide additional amounts of 
sterols. Analyses of the extract from the animal 
cake, the UM from the olive oil and the sterol 
distribution in the cholesterol fed are given in 
Table 3. The total animal cake and olive oil fed in 
each series of Expt. XIV over the experimental 


Average wt. Total Added Added 
during expt. food fat cholesterol 
Series g- (kg.) (g-) (g-) 

Cc 1951 6-90 0 0 

S 1720 7-00 0 137-0 

Cc 1664 3-04 506 0 

S 1654 3-10 507 50-7 

Cc 1891 3-37 574 0 

S 2155 3-62 603 59-0 


fiable matter (UM), total, free and saturated sterols 
are given as total weights for the several ex- 
periments in Table 4. The value now given for 
UM and sterol in Expt. VII is higher than that 
reported previously (Cook et al. 1950). The new 
value is due to the better extraction method 
employed. 

The amount of extract increased after sterol 
feeding, the difference between the S and C series 
group in each experiment corresponding approxi- 
mately with the total amount of sterol fed. The 
amount of UM in the extracts from the S series 
was increased, the values for S—C (as % of sterol 
fed) are for Expt. VII 93, for Expt. XIII 60 and 
for Expt. XIV 71. Digitonin-precipitable sterols 
formed a large proportion of the UM and were 
proportionately greater in Expt. VII than in 
Expts. XIII and XIV, where additional fat was fed. 
The difference in UM and in the sterol in these 
experiments was due to better absorption (Cook & 
Thomson, 19516). A portion of the sterol was 
esterified as shown by the difference between the 
total and free sterol; this aspect is dealt with sub- 
sequently. The saturated sterols were increased in 
amount after sterol feeding and even on the low fat 
diet there was an increase. 











(90:10 by vol.) (Haslewood, 1941). The light petroleum- 


S series is noteworthy. 
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of Table 4. Weight of faeces, ether and ethanol extracts, and unsaponifiable matter (UM), 
51s total, free and saturated sterols in the extracts 
2 All weights as g. 
10 
a Expt. no. VII XIII XIV 
of ee Cc S Cc Ss Cc 8 
b- Dry wt. faeces 1886 1900 738 841 944 978 
m Ether-ethanol extract 124 263 58 122 106 167 
nt ; 18-0 134-8 11-1 41-7 15-7 58-7 
= Total sterol 11-4 122-4 5-2 26-1 5:3 34-1 
Free sterol 6-8 110-0 4-4 22-1 2-1 21-6 
Me Saturated sterols 9-2 40-4 4-0 16-7 4-1 11-7 
e 
ut ee ee ee eee ee ee = 
an UM partitioned (light petroleum: aqueous methanol) 
Light a Aqueous methanol-soluble 
OFF | 
aa Chromatography 
2 LP 100 LP80:B20 B80: Et,0 20 B20: Et,0 80 Et,0 80: EtOH 20 Boiling 
to B100 to EtOH 100 EtOH 
Fraction A Fraction B Fraction C Fraction D Fraction E Fraction F 
| | | 
Chromatography 
| 
l LP 100 Et,0 100 Chromatography 
and B100 | 
B80: Et,020 Et,090: Et,0 80: EtOH 20 
and B50:Et,050 EtOH10 and EtOH 100 
| | 
Initial Final Initial Middle Final ————>4 
fraction fraction fraction fraction fraction 
Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 
; Fig. 1. Chromatographic separation used in method 1 to separate the unsaponifiable matter of the faecal lipids of rats 
Is fed diets containing small and large amounts of sterols respectively. Chromatography was on Al,0,; the solvent 
x- systems used are expressed as v/v mixtures. LP, light petroleum (b.p. 40-60°); B, benzene; Et,O, ethyl ether; 
or EtOH, ethanol. 
ut —— ~ — - - + 
Ww EXPERIMENTAL soluble fractions were recovered and on chromatography 
d gave five fractions. The weights and main properties of the 
No further investigations on the UM from Expts. fractions from the C and S series are shown in Table 5. 
51 VII and XIII were carried out, butamoreextensive Each fraction was investigated with the results given 
2S study of the UM in Expt. XIV was made in an below. ; 7 : a 
Z attempt to isolate the components. Two methods Fraction 1. The fractions were treated with bromine in 
. ether solution, the excess of bromine was removed by 
e were used on three lots of material. In the first : aoe ; 
: : i f UM treatment with aqueous NaHSO, and the materials were 
. method approximately equa ements - recovered. Increases in weight were 5% for C and 23% 
a1 (approx. 10 g.) from both Cc and S series were for §. Light petroleum was then added and the soluble 
d studied so as to make a direct comparison of portion chromatographed on alumina. The eluates on 
Is “ fractions. The investigations were mainly of an removal of solvent gave white waxy semi-crystalline solids. 
"e analytical nature and were exploratory, only asmall The yields (as % of fraction) were 71 for C and 24 for S. 
n number of components being isolated. In the The wax in both series had m.p. 38-41°. (Found: C, 86-4; 
1. second method a larger amount of UM (approx. H, 13-6%.) The wax is presumably a mixture of long-chain 
e 30 g.) from the S series was fractionated so as to *#turated hydrocarbons. 
: : : . . An unsuccessful attempt was made to recover the bromin- 
& yield material suitable as far as possible for specific ; identified. Th 
5a dieat ated compounds which were not identified. e un- 
' nt ; saturated compounds increased after sterol feeding. 
a Method I Calculation of the unsaturated material by difference 
. The procedure used for both C and S series is shown in _ between the amount taken and the saturated hydrocarbon 
n Fig. 1. An initial separation was made into fraction soluble _ recovered showed that the S series contained 76% while 
it in light petroleum and fractions soluble in methanol: water _ the C series contained only 29%. The rapid LB test of the 
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Fraction 2. This consisted of resinous material which in 
both series gave an LB test. Both fractions were treated 
with acetic anhydride in pyridine and gave acetyl values of 
185 for C and 70 for S. The materials were recovered and 
chromatographed, but no crystalline fractions were ob- 
tained. The fraction is a mixture containing 3f-sterol 
(digitonin precipitation gave 9%), the remainder being 
made up presumably of higher alcohols which have a low 
optical activity. 

Fraction 3. A positive Z test indicating the presence of 
ketones was obtained. The fractions were treated with 
Girard’s reagent T and separated into ketonic and non- 
ketonic subfractions. The amount of ketones isolated were 
(as % of fraction 3) 5-4 for C and 5-3 for S. The individual 
ketones were not isolated, but polarography indicated the 
presence in both series of cholestanone with some copro- 
stanone in the S series fraction. A spectrophotometric 
examination showed in the S series a compound with an 
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absorption maximum at 234 mu. This is possibly cholest- 
4-en-3-one. No similar absorption was found in the ketones 
from the C series. 

The non-ketonic subfractions were yellow semi-crystalline 
waxes with ([«]) approx. +15°). The materials were 
treated with benzoyl chloride in pyridine, the excess of 
reagents was removed, the materials were extracted with 
ether, recovered and chromatographed on alumina. No 
sharp differentiation of fractions was obtained. The 
materials from the benzene-ether eluates were crystalline 
but of indefinite melting point. The free sterols were 
recovered from the benzoates after saponification and 
crystallized from methanol. The white crystalline solids 
were freed from the mother liquors, which were added to 
fraction 5, as were the ethanol eluates from the column. The 
yields, properties of the crystals and sterol analyses are 
given in Table 6. Paper partition chromatography showed 
with both C and S series two spots, one corresponding to 


Table 5. Yields, and main properties of the chromatographic fractions separated from the unsaponifiable 
matter of the faecal lipids of rats fed a diet low in sterols (C series) and a diet high in sterol (S series) 


LB = quantitative Liebermann—Burchard reaction. 


Sterol as % of fraction by 


Fraction Wt. Iodine 5 ——_—_——, 
no. (g-) Appearance value [«]p Digitonin LB 
C series 
1 0-69 Pale-yellow oil 45 +2° 0 2 
2 0-35 Brown-green transparent wax 65 0 9 7 
3 2-96 Mustard-coloured wax 36 22° 10 20 
4 2-47 Brown crystalline solid 56 — 20° 51 66 
5 1-79 Brown gum — +8° 51 — 

Loss 0-94 

Total 9-20 

S Series 

1 0-74 Pale-yellow oil 42 +14 1 29 
2 0-91 Brown opaque wax 62 +9° 9 7 
3 1-89 Semi-crystalline yellow solid 11 +27° 21 31 
4 4-99 Brown crystalline solid 61 — 30° 96 93 
5 0-92 Brown gum — +8 47 _— 

Loss 1-09 

Total 10-54 


Table 6. 


Yields, properties and results of paper partition chromatography of crystals from fractions 3 and 4 











Fraction 3 (non-ketonic) Fraction 4 
os —___— ee a 
Cc S Cc 8 
Yield (g.) 1-69 0-97 0-45 4-83 
M.p. (°) 75-77 88-90 120 136 
[«]p +25° +27° — 28° — 39° 
Iodine value 10 22 44 65-5 
Sterols (%) 
Fast-acting 0 0 13 4 
Cholesterol 15* 34* 87 96 
Coprostanol 75 54 0 0 
Others 10 12 0 0 
Paper partition chromatography 
Cholesterol (or A®-stenol) + 4 + + 
(one spot) 
Other stenols 0 0 0 
Stanols + + 0 0 


* Calculated from iodine value. 
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cholesterol, the other to a saturated sterol. The fraction 
consisted mainly of stanols with an admixture of cholesterol, 
the iodine values corresponding to a concentration (as %) 
of 15 for C and of 34 for S. By difference the remainder 
was calculated to be made up of cholestanol or other non- 
LB-reacting stanols, e.g. 3a-stanols. 

Fraction 4. The chemical and physical properties sug- 
gested that the major components present were unsatur- 
ated sterols. The fractions were found to contain 13% of 
‘fast-acting’ sterols for the C series and 4% for S series. 
The presence of 7-dehydrocholesterol (C' series approx. 1%, 
S series 0-2%) was indicated spectrophotometrically. The 
fractions from both series were crystallized from methanol, 
the crystals were recovered and the materials from the 
mother liquors were added to fraction 5. The yields, 
properties and analyses are given in Table 6. The crystals 
from the C series consisted mainly of a stenol with pro- 
perties different from those of cholesterol. On crystalliza- 
tion from ethanol solid needles, grouped in tufts, were 
obtained. The acetate had m.p. 120° (cholesteryl acetate 
114°). It is presumed that phytosterol derived from the 
animal rat cake formed part of the fraction. The crystals 
from the S series consisted of nearly pure cholesterol. 

Fraction 5. This consisted in both series of a brown gum 
which gave an LB test, a strongly positive L test which was 
more marked in the S series and a red colour with a red 
fluorescence with conc. H,SO,. The fractions were treated 
with ethanolic digitonin solution and the digitonides 
separated from the non-precipitable fractions. The 3£- 
compounds were recovered from the digitonides by cleavage 
with pyridine, the yields being 59% for the C series, and 
75% for the S series. Separation of this fraction by the 
method of Mosbach, Nierenberg & Kendall (1953) on 
celite columns was unsuccessful, although trial mixtures of 
the diols and triol could be separated. Paper partition 
chromatography on the fraction was carried out with the 
results shown in Table 7. The non-precipitable fraction 


Table 7. Components of the digitonin-precipitable 
fraction 5 (method I) as demonstrated by paper 
partition chromatography 


0, no test; +, trace; +, small amount; ++, medium 


amount; + + +, large amount. 
C series _‘S series 
Cholesterol or A5-stenol ++ ++ 
Cholest-5-ene-38:7-diol + ++ 
Cholest-5-ene-38:78-diol + ++ 
Cholest-4-ene-38:6-diol + - 
Cholest-5-ene-38:25-diol ++ + 
and/or :24-diol 


Cholestane-38:5«:68-triol + + 


formed 41% for the C series, and 25% for the S series 
and was a yellow gum which gave a yellow colour with a 
yellow-green fluorescence with conc. H,SO,. On chromato- 
graphy four non-crystalline fractions were obtained. The 
[x]p of the only determinable fraction was +8°. This is 
possibly due to the presence of 3«-sterols. 

Pigments. The fractions obtained were light yellow to 
dark brown and obviously contained pigment. Some studies 
were made on fraction 4 in which the pigment was eluted 
from the column. The mother liquor from the erystalliza- 
tion was examined spectrophotometrically, and from the 
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absorptions it was presumed that xanthophyll and zea- 
xanthin were present (cf. Karrer & Jucker, 1950). Other 
carotenoids are also present (see Discussion). 


Method II 


The procedure used for the remainder of the matter from 
the S series of Expt. XIV is shown in Fig. 2. Use has been 
made of the method of Hardegger, Ruzicka & Tagmann 
(1943) to prepare a ‘cholesterol-poor unsaponifiable 
fraction’ (CPUM). The total UM (30-0 g.) was refluxed in 
methanol (400 ml.) for lhr. The solution was decanted 
from the tar and allowed to stand at room temperature for 
16 hr. The crude crystalline cholesterol (9-74 g.) which 
separated was filtered and washed with small amounts of 
cold methanol. The material in the mother liquor and 
washings was recovered and pooled with the tar remaining 
in the flask to form CPUM. 

Separation. The CPUM (19-79 g.) was dissolved in a 
small amount of light petroleum and chromatographed on 
alumina to give three primary fractions A, B and C. 
Fraction C contained residual cholesterol, much of which 
was removed by crystallization and was pooled with the 
crude cholesterol. Fraction B was rechromatographed, the 
crystals of coprostanol (0-92 g.) being designated fraction 2. 
The final fractions containing the most polar components 
were termed fraction 3. 

Fraction 1. This contains fraction A and the least polar 
components of fraction B. In the chromatography of this 
fraction heptane was used as the initial eluent, six fractions 
being obtained. Fraction 11 was a white semi-solid 
(1-07 g.). It was dissolved in acetone (5 ml.) and allowed to 
stand at -—15° for 3hr. The waxy semi-crystalline solid 
(0-90 g.) was removed by filtration and a viscid oil (0-16 g.) 
was recovered from the mother liquor. The oil reacted with 
bromine, gave an immediate LB test, but was not pre- 
cipitable by digitonin. A sample of the oil dissolved in 
ether and treated with gaseous HCl gave a small amount of 
a semi-crystalline solid insufficient for characterization. 
A sample of fraction 12 (0-27 g.) was dissolved in light 
petroleum and treated with urea (2 g.) moistened with 
methanol (0-2 ml.). The urea adduct was removed by 
filtration, washed with light petroleum and decomposed 
with water. A semi-crystalline wax (0-02 g.) was recovered 
similar in appearance to the material obtained from the 
acetone treatment of fraction 11 to which it was added. The 
combined waxes were crystallized from cold acetone and 
gave a material of m.p. 38-40° which on analysis gave C, 
83-8%; H, 12-8%. The material not forming an adduct on 
recovery from the light petroleum solution gave a yellow 
wax (0-25 g.) which was fluorescent in ultraviolet light and 
gave an immediate LB test but was not precipitable by 
digitonin. No further investigations were made. Fraction 
13 was a brown gum (0-94 g.) which gave a positive Z test. 
Polarography indicated the presence of coprostanone. 
Separation was made with Girard T reagent to yield 
ketones and non-ketones. The ketonic fraction is described 
later. Fraction 13 NK was combined with material from 
the rechromatography of fraction 3 and is described with 
that fraction. 

Fraction 14 was a brown gum (2-01 g.) ([z]p +9°). It was 
treated with urea and the adduct-forming material— 
fraction 141 (0-26 g.)—was separated. To this were added 
other similar fractions (see later) giving a total of 0-48 g. 
The combined material had an acetyl value of 104 and had 
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no optical activity. It is presumed to consist of higher 
aliphatic alcohols. The material not forming an adduct 
consisted of esters which were saponified, the UM was 
recovered and combined with similar material from frac- 
tion 3 (see later). 

Fraction 15 consisted mainly of crystalline coprostanol 
(3-34 g.). (For identification, see p. 667.) The fraction was 
crystallized from acetone and the crystals (2-01 g.) were 
pooled with fraction 2. The material from the mother 
liquor was added to fraction Cl as was the ethanol eluate 
fraction 16 to form fraction 3. 

Fraction 3. This contained unhydrolysed material 
(waxes), residual coprostanol, cholesterol and ketones, and 
the bulk of the most polar components, e.g. diols and triols. 
The fraction was treated as shown .in Fig. 3, six main 
fractions being obtained. 

Fraction 31 was waxy in appearance and consisted in 
part of unhydrolysed esters. It was saponified and a semi- 
crystalline UM obtained; the acids (0-18 g.) were recovered 
and had an equivalent weight of 228. They were not further 
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mixture of oxidized unsaturated hydrocarbons and 
alcohols which are responsible for the LB test and of 3a- 
stanols probably coprostan-3«-ol (epi-coprostanol). An 
approximate value of the amount of this compound was 
obtained from the [«]p and acetyl value and this corre- 
sponded to approx. 50%. A mixture of 3a-stanols was 
probably present. 

Fraction 32 consisted mainly of coprostanol (0-98 g.) and 
was pooled with fraction 2. Fraction 33 consisted of nearly 
pure cholesterol (1-50 g.) which was added to the crude 
cholesterol pool. Fraction 34 was a brown gum (1-37 g.), 
which on paper partition chromatography behaved as a 
complex mixture of sterols. The acetylated material 
(acetyl value 76) on chromatography gave four fractions. 
The first two, 341 and 342, consisted mainly of cholesteryl 
acetate, giving m.p. 116°, [a«])-—48°. It is considered 
probable that phytosteryl acetates were also present. 
Fractions 343 and 344 were brown gums of complex nature, 
the constituents of which after saponification are shown in 
Table 8. 


Table 8. Results of the Lifschiitz test and nature of compounds demonstrated by paper partition 


chromatography on some chromatographic fractions from fraction 


3 (method IT) 


Markings as for Table 7. 


343 


4 


Fraction no. 

Lifschiitz test 

Paper partition chromatography 
No. of compounds demonstrated 
Cholesterol or A®-stenol 
Cholest-5-en-38:7«-diol 
Cholest-5-en-38:7 B-diol 
Cholest-5-en-38:24- and/or 25-diol 
Cholestane-3 B:5«:6 B-triol 
Brown-black spot at origin 
Green spot 


investigated. The UM was crystallized and the coprostanol 
was added to fraction 2. The solid from the mother liquor 
was treated with urea and the fraction forming an adduct 
was added to fraction 141. The material not forming an 
adduct gave a positive Z test and was treated with Girard 
T reagent. The ketonic fraction will be described later. The 
non-ketones were combined with fraction 13K and the UM 
from the non-adduct forming portion of fraction 14 to give 
fraction 31 A (3-76 g.). 

Fraction 314 was treated with a solution of digitonin 
and the insoluble digitonides (1-82 g.) were removed. They 
gave a LB test and consisted mainly of coprostanol 
(0-43 g.), which after recovery was added to fraction 2. The 
non-precipitable fraction 31 A2 (2-66 g.) was chromato- 
graphed to give three primary fractions, the first of which 
was added to fraction 141. The second fraction was re- 
chromatographed to give four fractions, the first being 
added to fraction 141. The second and third fractions were 
dextro-rotatory gums which gave a yellow-brown LB test 
and the H,SO, test was yellow with a yellow-green fluor- 
escence. They were combined with fraction 31 A3 which 
had similar properties. The combined material was treated 
with urea but no complex was formed. The material was 
then treated with acetic anhydride and pyridine and gave 
an acetyl value of 59. It was not possible to obtain 


crystals from this fraction, but it is suggested that it is a 


344 351 352 353 354 355 361 
as +++ +4 + + + 0 
6 6 6 5 4 3 1 
+ + + 0 0 0 0 
+ ++ ++ + + + 0 
+ ++ ++ + + + 0 
oh + ‘ + 0 0 0 
a of 0 0 0 0 0 
+ + + ++ tet +> $+ + 0 
0 0 - + + 0 ++ 


Fraction 35 was a brown gum (1-97 g.). To it was added 
the mother liquor from the CHCI, crystallization of fraction 
36. The combined material was acetylated (acetyl value 
107) and chromatographed to give five fractions consisting 
of gums which would not crystallize from the usual 
solvents. The several fractions were saponified, the neutral 
material was recovered and chromatographed on paper. 
The components present are shown in Table 8. The demon- 
strable components present could not be separated on 
alumina. 

Fraction 36 was a gum (0-16 g.), but on crystallization 
from CHCl, a small crop of crystals was obtained. The 
amount was too small for the usual methods of characteri- 
zation, but paper partition chromatography and spraying 
with SbCl, in CHCl, showed a material giving a green spot. 
The complexity of the final fractions with regard to demon- 
strable sterol components is shown in Table 8. The 7«- and 
7B-diols are responsible for the L test. These compounds 
are further considered in the Discussion. 

In method II separation of the final fractions by digi- 
tonin was not done, but it may be deduced from the results 
of method I that 75% of the combined fractions 343, 344, 
and of 351-355 consisted of non-precipitable compounds 
(approx. 1-8 g.). The large brown-black spot at the origin 
of the chromatogram suggested the presence of more polar 
compounds. An unsuccessful attempt was made to isolate 
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batyl alcohol (or similar glyceryl ethers), but its presence 
cannot be excluded. Fraction 355 contained 8% N. This 
may be due to the presence of sphingosine or a similar N- 
containing base. 

Ketones, The yield of ketones was taken as the material 
separable by the Girard reagent. Investigation of the 
nature of this fraction was undertaken by Mr D. M. 
Robertson and some preliminary results are shown in 
Table 9. Apart from fraction 13K it is evident that a large 
amount of ketonic material is unaccounted for. The 2:4-di- 
nitrophenylhydrazones were prepared and chromatographed 
no alumina and with all fractions five components were 
present but none as yet has been isolated. 
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Fraction CC/ML from the mother liquor was a semi- 
crystalline solid. On analysis it gave (as %) sterols fast- 
acting 2, slow-acting 72, others 26; digitonin-precipitable 
sterol was 86. Paper partition chromatography showed the 
presence of large amounts of cholesterol or A5-stenols and 
small amounts of diols and stanols. 

Attempts to separate the components were unsuccessful, 
but from the analysis it is presumed that in this fraction 
the total crude cholesterol contains (as g.) fast-acting 
sterols 0-07 and cholesterol with phytosterols 2-63. The 
difference between total digitonin-precipitable sterols and 
the sum of fast-acting sterols and cholesterol gives 12% 


of the fraction as 38-stanols (0-44 g.). From the known 


Table 9. Ketones present in various fractions 


C series 
Fraction a a 3K 
Separated by Girard reagent (mg.) 160 
Coprostanone (mg.) None 
o/ —_— 
Cholestanone (mg.) 12 
(%) 8 
Cholest-4-en-3-one (mg.) None 
(%) — 
Cholesta-3:5-dien-7-one (mg.) None 
(%) — 


Coprostanol. The crystalline materials from fractions 15, 
2, 31 and 32 were pooled (5-13 g.). A sample (4-7 g.) was 
recrystallized from acetone. The white crystalline solid did 
not form a complex with urea or react with bromine. The 
i%]p was +23°. The sterol had m.p. 99-101° and the 
acetate had m.p. 88°. These were unchanged by admixture 
with authentic samples kindly supplied by Dr L. F. Fieser. 
On analysis it gave (as %) fast acting sterols 0, coprostanol 
96, other sterols 4. The digitonin-precipitable sterol was 
100. It is suggested that the difference is due to the 
presence of a 3£-stanol, presumably cholestanol. Paper 
partition chromatography showed the presence of saturated 
sterols only. 

Treatment of crude cholesterol. The fractions which con- 
sisted mainly of cholesterol were from the initial separation 
and fractions C2, 33, 341 and 342 (13-03 g.). Use has been 
made of the observation of Fieser (1953a) that cholesterol 
may be freed from its companions by crystallization from 
acetic acid. 

A sample of crude sterol (9-25 g.) was dissolved in hot 
acetic acid (100.ml.), the solution cooled rapidly and 
filtered from the crystals. The cholesterol crystals were 
dissolved in ether, washed with alkali, then with water and 
the material was recovered (6-52 g.). The crystals had 
m.p. 146° and [«]) — 39°. Paper partition chromatography 
showed one component. The material consisted of pure 
cholesterol. The mother liquor was diluted with water, the 
aqueous solution was extracted with ether and the greater 
part of the acetic acid was removed. The ethereal extract 
was recovered, saponified with ethanolic KOH solution, 
diluted with water and extracted to give fraction CC/ML 
2-60 g.). 





S series 
 # ns ‘ 
Method 1 Ketone-rich 
3K 13 13K 312K 
40 — 83 150 
Present 69 67 25 
— 8 80 17 
6 — 15 7 
15 — 18 5 
0-2 — ca. 0-1 mg. ~= 
0-5 oon ca. 0-1 — 
None 1-4 None None 
— 0-15 _ — 


behaviour of cholestanol it is considered that this is the 
major component. The remaining material (0-51 g.) con- 
sisted of 3«-stanols and/or other compounds. 


Composition of unsaponifiable matter 


From the yields and analyses of fractions obtained it is 
possible to assess the probable composition of the main 
components of the UM in the C and S series animals. The 
values given in Table 10 have been calculated for the total 
UM excreted: C series, 15-7 g. and S series, 58-7 g. These 
values are for fractions isolated and analysed, no correc- 
tions being made for losses or for the acids obtained from 
unhydrolysed esters. The working loss of about 15% has 
been regarded as being distributed evenly among the 
different fractions. 

The values for the C series were obtained by method I 
and those for the S series mainly by method II, but some 
values have been calculated from the results of method I, 
in particular the amounts of saturated and unsaturated 
hydrocarbons in fraction 1 were taken from percentage 
values, as have also the values for digitonin-precipitable 
and non-precipitable material in fraction 3. The value for 
3a-stanols (as 3a-coprostanol) was taken from the [a]p 
value for fraction 31 A2 and is an approximation. 

As the basal diet of animal cake and olive oil and the 
amounts consumed are of the same order in both series, the 
values of S—C may be regarded as indicating the changes 
which cholesterol undergoes in the animal. It is difficult to 
give an accurate value to the amount of unabsorbed 
cholesterol, but the amount of crystalline cholesterol re- 
covered (17-7 g.) may be used as an approximation. If this 
amount is deducted from the total UM and the percentage 
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Table 10. Estimated composition of the total unsaponifiable matter (UM) of the faecal lipid in Expt. XIV 


In the S series (high-sterol diet) the total UM was 58-7 g. and in the C series (low-sterol diet) the UM was 15-7 g. 


Hydrocarbons 
Alcohols 


Stanols 


Stenols 


Final fractions 


Saturated 
Unsaturated 


Urea-adduct forming 
Others 


3«-Stanols (polarimetry) 


Cholestanol 


Coprostanol 


Crystalline cholesterol 
Cholesterol and 

phytosterols 
Fast-acting sterols 
Ketones 


Digitonin-precipitable 
Not precipitable 





S series C series 
c A \ = —— 
Wt. Wt. 
Fraction +o/ (g.) Fraction % (g.) 
11/12 24 oti 1 EE 0-8 
11/12 76 2-1 29 0-3 
141, 311, 314 21/221 — 0-9) 
— 35 4-0 2 = 0-6 
31A2+crude cholesterol 35 2-2 j 
Crude cholesterol and — 1-3 0-5 
coprostanol 3NK — 
Crude coprostanol — 9-6 4:3 
Crude cholesterol — 17-7 — — — 
CC/ML — 5-1 ) 4-1 
4 as 
CC/ML — 0-1 J 0-1 
13K, 3112K — 0-5 3K — 0-3 
343/4, 35/6 75 38 . 59 1-8 
343/4, 35/6 25 1-2 41 1-3 


* Values as % of fraction (see text). 


values are calculated for a ‘cholesterol-poor’ UM, it is found 
that these are similar to those obtained in the C series 
except that the proportion of unsaturated hydrocarbons is 
three times greater in the S series. The proportion of ‘other 
alcohols’ is also increased, these increases being mainly at 
the expense of the cholesterol and phytosterol fraction. It 
would thus seem that the feeding of large amounts of 
cholesterol to rats causes an absolute increase in metabolic 
products of sterols but their relative proportions are similar 
to those found in an animal kept on a low-sterol diet. 


DISCUSSION 


The results show the value and the limitations of 
adsorption chromatography on alumina as a 
method of separating the components of a complex 
mixture. The separation of a major component, 
e.g. cholesterol, from the initial material by crystal- 
lization is to be recommended, although the sterol 
recovered is not homogeneous. The fact that 
cholesterol forms mixed crystals with a number of 
other sterols (‘companions’) and that recrystalliza- 
tion from the usual solvents or separation by 
chromatography is of little value in obtaining 
pure cholesterol has been emphasized by Fieser 
(1953a). If the crude cholesterol is crystallized 
from acetic acid, the companion sterols may be 
recovered from the mother liquor. The crystallized 
material is of a high degree of purity. 

For a complete analysis the interposition of 
chemical methods, e.g. formation of urea adduct, 
digitonin precipitation, etc., would appear to be 
necessary. In the fraction containing diols and 
triols the use of adsorption-elution chromato- 
graphy on alumina appears to be limited. The 
success of paper partition chromatography with 


these fractions is a pointer to a more satisfactory 
method. A consideration of the components of the 
UM and their probable origin is of interest. 

Hydrocarbons. The initial non-polar chromato- 
graphic fractions seem to be mixtures of saturated 
and unsaturated hydrocarbons. Similar mixtures 
have been isolated from the UM of liver by 
Schwenk, Todd & Fish (1954). The semicrystalline 
wax fraction 11 isolated is probably a mixture of 
higher paraffins. Mackenna, Wheatley & Wormall 
(1952) have isolated n-pentacosane from sebum. 
The origin of the saturated hydrocarbons is 
probably in part from intestinal secretion, but part 
may be derived from the vegetable constituents of 
the animal cake (see Deuel, 1951). The amount 
present is not increased after feeding excess of 
sterol. 

The unsaturated hydrocarbons are increased in 
amount after sterol feeding. There is insufficient 
evidence to decide whether squalene is a component. 
This interesting fraction, particularly that giving 
a rapid LB test, is being further investigated. 

Higher alcohols. The material (fraction 141), 
which forms an adduct with urea, has an acetyl 
value of 104 and does not give sterol reactions, was 
presumed to be a mixture of higher alcohols. 
Such mixtures have been found in sebum-like 
materials (Wheatley, 1954). The origin is probably 
similar to the paraffins, as the amount is not in- 
creased on feeding excess of sterol. 

3a-Stanols. The evidence for the presence of 
these substances is indirect. Fraction 31 A2 in 
method ITI is considered from its chromatographic 
behaviour and optical. rotation to consist of 
approximately half 3«-stanols. The remainder of 








955 


or ep SP ae. & 


— 





Vol. 61 


the fraction may consist of oxidized or changed 
unsaturated compounds which are optically in- 
active, but there is no evidence as to their nature. 

Coprostan-3«-ol (epi-coprostanol) has been found 
in the UM of the dog’s faeces by Marker, Witt- 
becker, Wagner & Turner (1942) and Lederer, 
Marx, Mercier & Perot (1946) have demonstrated 
the presence of this compound in ambergris, the 
intestinal concretion of certain species of whales. It 
is probable that 3«-stanols derived from the other 
sterols are also present. 

3B-Stanols. The 38-stanols form 34 % of total UM 
in the C series, and in the S series 35% after 
correction for unabsorbed cholesterol. The major 
stanol in both series is coprostanol which forms 31 % 
in both C and S series. The difference between 
these values (approx. 4%) is presumably due to 
cholestanol which is precipitable by digitonin but 
does not give the LB test. It has not been possible 
to isolate this compound either as the free sterol or 
as a derivative but evidence for its presence is 
indirect. The crude coprostanol contained other 
sterols precipitable by digitonin and the material 
from the mother liquor of the recrystallization of 
the crude cholesterol contained similar compounds. 
These have been estimated as cholestanol. Chol- 
estanol is present in the cholesterol fed and part 
may be derived from this, but the greater amount is 
probably produced in the animal. There is evidence 
that cholestanol is absorbed to some extent in the 
rat (Dam & Brun, 1935). 

Other 38-stanols derived from the plant sterols 
are probably present. Rosenheim & Webster 
(1941) showed that f-sitosterol (24b-ethylcholest- 
5-en-3-ol) is converted into B-sitocoprostanol (24b- 
ethyl-58-cholestan-38-ol) in a manner similar to 
the conversion of cholesterol into coprostanol when 
the dietary factor (possibly phrenosin) is fed. We 
have not been able to demonstrate the presence of 
related stanols, as the large amounts of coprostanol 
mask the presence of other stanols. 

Unsaturated sterols (stenols). The major stenol in 
the faecal UM of the animals of the S series is 
unabsorbed cholesterol which forms at least 40% 
of the material. The properties of the stenols in the 
C series suggest that they are plant sterols derived 
from the cereals and olive oil in the diet fed. The 
total intake of these is approx. 2-5 g. It is generally 
considered that the absorption of these compounds 
is small, but they may be changed chemically in the 
intestine (see above). 

The crude cholesterol obtained is associated with 
a number of companions and, after crystallization 
from acetic acid, the presence in the mother liquor 
of some companions, such as fast-acting sterols, 
cholestanol and unidentified compounds, was in- 
ferred. A large amount of cholesterol and probably 
phytosterols is present also in this material. The 
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amount of endogenous cholesterol produced is not 
known but it is considered that the feeding of 
cholesterol diminishes, if not eliminates, cholesterol 
biosynthesis. This aspect is dealt with in a sub- 
sequent communication. 

The amount of fast-acting sterols found in the 
faecal UM was small and was not significantly 
increased after sterol feeding. It has been shown 
that the amount of 7-dehydrocholesterol is in- 
creased in the intestinal mucosa of guinea pigs 
when cholesterol is fed (Glover, Glover & Morton, 
1952; Glover & Green, 1954). As this process 
occurs only in the mucosa it is presumed that none 
of the products is excreted. 

Ketones. Ketones separable by the Girard 
reagent were found in both C and S series and the 
amounts present were approximately doubled after 
sterol feeding. The detectable ketone present in 
greatest amount was coprostanone but cholest- 
anone was also present, particularly in the C series. 
A number of other ketones were present as shown 
by the number of 2:4-dinitrophenylhydrazones 
separable by chromatography. There is evidence 
(polarographic and spectrophotometric) for the 
presence of small amounts of cholest-4-en-3-one 
and traces of cholest-3:5-dien-7-one in the UM of 
the S series. 

Rosenheim & Webster (1943) isolated chol- 
estenone as the o-tolylsemicarbazone from the 
faecal UM of rats fed cholesterol in the form of 
brain. They obtained from the Girard derivative 
a total yield of 3-3% of ketones (as % UM). They 
estimated the cholestenone as being 1% but they 
did not account for the remaining two-thirds of 
ketones present. Coprostan-3-one has been shown 
to be present in ambergris (Lederer et al. 1946) and 
its presence might be expected in the faecal UM of 
terrestrial animals. Our yield of ketones is less 
than that obtained by Rosenheim & Webster 
(1943) and the subject is being further investigated. 

Final fractions. These fractions contained the 
most polar compounds. Separation by digitonin 
gave a precipitable fraction consisting presumably 
of 38-hydroxy steroids and a non-precipitable 
fraction. A number of sterols were demonstrated 
by paper partition chromatography in the pre- 
cipitable fraction (see Tables 7 and 8). The 24- 
and/or 25-diols have been demonstrated in samples 
of cholesterol. The 24-diol has been isolated from 
brain cholesterol by Ercoli & Ruggieri (1953), a 
finding confirmed by Fieser (1954). Fieser has also 
found that the 25-diol is present in old samples of 
cholesterol and is a product of autoxidation. Our 
results do not permit us to state which diol is 
present or whether the amount is increased after 
sterol feeding. A triol is present in fair amount. 
There is a possibility that the diols and triol are 
artifacts, in part at least, and are produced during 
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the manipulations. Cholesterol does undergo 
autoxidation (cf. Mosbach et al. 1953), but the 
conditions used were somewhat more drastic than 
those used here. It is worth observing that the 
autoxidations undergone by cholesterol may prove 
a guide as to the possible biochemical transforma- 
tions. Paper partition chromatography (Tables 7 
and 8) indicated a number of unidentified com- 
pounds which may be derived from cholesterol or 
be the product of metabolism of steroid hormones 
which are excreted in the bile and appear in the 
faeces (e.g. see Hyde, Elliott, Doisy & Doisy, 
1954). This aspect has not been investigated, but 
some of the products formed seem to be water- 
soluble (Leblond, 1951). 

The fraction not precipitable by digitonin was 
not studied in any detail. An unsuccessful attempt 
was made to isolate batyl alcohol (or a similar 
glyceryl ether). These compounds have been found 
in the UM of organ extracts (cf. Hardegger et al. 
1943). Our observations do not, however, preclude 
its presence. The large amount of nitrogen in the 
final samples is of interest and one possibility is 
that sphingosine or a similar nitrogen-containing 
base is present (Hardegger et al. 1943). The 
fluorescence also suggests that traces of bile pig- 
ments or pyrrolic compounds are present. 

The carotenoids form part of the UM, as they are 
poorly absorbed, but no attempt was made to 
estimate the amounts present. Vitamin E is also 
probably present and it is suggested that it forms 
part of fraction 31A2. This compound is poorly 
absorbed and is altered in its passage through the 
gut (Harris, 1950). 

The general picture of the faecal UM is that it is 
dominated by the sterols and their metabolic 
products. These form at least 80% of the total 
material. Whether the intestine is acting solely as 
an excretory pathway for sterols or whether it 
possesses special metabolic functions is impossible 
to state. Further consideration to the sterol 
metabolism of rats is given in the succeeding 
communications. 


SUMMARY 


1. Rats were fed diets having as a basis animal 
cake with and without olive oil (16-6 %) containing 
either no added cholesterol or added cholesterol 
(1-6%). The neutral fraction or unsaponifiable 
matter of the faecal extracts was analysed 
(Tables 2-4). 

2. Separation of the unsaponifiable matter by 
adsorption chromatography on alumina (Fig. 1) 
gave fractions consisting of saturated and un- 
saturated hydrocarbons, stanols, stenols, ketones 
and more polar compounds (Tables 5 and 6). 

3. Using paper partition chromatography 
(Table 1) and more elaborate methods of fraction- 
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ation (Figs. 2 and 3), the neutral fraction was 
shown to be complex in nature (Tables 7 and 8). 
Preliminary results are reported on the ketones 
using polarographic methods (Table 9). 

4. A balance is given of the changes which the 
neutral fraction derived from cholesterol undergoes 
in the intact rat (Table 10). 


We are indebted to the Medical Research Council for 
a personal grant to one of us (C.R.) and a grant for ex- 
penses. Gifts of chemicals were received from Dr Max 
Tishler of Merck and Co. Inc., to whom we express our 
thanks. Samples of pure sterols were kindly given to us by 
Professors L.F. Fieser (Harvard), Werner Bergmann (Yale) 
and V. Prelog (Ziirich). 
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Cholesterol Metabolism 
5. THE EXCRETION OF ACIDS AFTER CHOLESTEROL INGESTION IN RATS 


By D. C. EDWARDS anp R. P. COOK 
Department of Biochemistry, Queen’s College, Dundee (University of St Andrews) 


(Received 1 March 1955) 


When rats were fed a diet rich in cholesterol, an 
increase in the excretion of faecal acids was ob- 
served which bore a relation to the amount of sterol 
missing when a balance, based on unsaponifiable 
matter as a measure of sterol, was made (Cook, 
1938). The subject was investigated further by 
Cook, Polgar & Thomson (1950), and the presence 
of an optically active acid was demonstrated in the 
light petroleum-insoluble fraction. In the present 
work a more detailed fractionation has been made 
of the faecal acids of rats fed diets with and without 
added fat (16-6 %), containing either small amounts 
of sterol (C series) or with added cholesterol 
(1-6 %; S series). The total steam-volatile acids, the 
components of the non-volatile fraction and the 
constituents of the light petroleum-insoluble 
fraction have been investigated. Some preliminary 
experiments made on the livers of the animals 
indicate that the light petroleum-insoluble acids 
originate in part at least in that organ. 

Preliminary accounts of this work have been 
given (Edwards & Cook, 1951; Cook & Edwards, 
1952). 

METHODS AND MATERIALS 


The animals, diets used, method of extraction of faeces and 
separation of unsaponifiable matter (UM) are described in 
the preceding paper (Riddell & Cook, 1955). The com- 
pounds present in the remaining soap solution were in- 
vestigated thus: 


Volatile acids. Total steam-volatile acids were deter- 
mined on a sample of the extracted soap solution by the 
method of Friedmann (1938). 

Ether-extractable acids. The remainder of the soap solution 
was acidified with 10% (v/v) H,SO,, extracted with ether 
which was washed with water; the ether extract was dried 
with Na,SO, and the acids were recovered. In Expts. VII 
and XIII the acids (1 g.) were treated with light petroleum 
(100 ml.) and allowed to stand for 24 hr. at room temper- 
ature. The light petroleum-soluble portion was decanted 
from the insoluble gum, recovered and weighed. The light 
petroleum-insoluble fraction was dissolved in ethanol, 
recovered and weighed. 

The light petroleum-soluble fractions were separated 
into ‘solid’ and ‘liquid’ acid fractions by the Twitchell 
separation of lead salts. Each of these fractions was then 
converted into methyl esters and fractionally distilled 
in vacuo. The fractionation column was heated and was 
essentially that described by Longenecker (cf. Hilditch, 
1949). Saponification equivalents and iodine values of the 
distillation fractions were determined. The procedures 
employed and the calculations used in assessing the com- 
position of the distillation fractions were based on those 
described by Hilditch (1949). 

Polyethenoid acids were estimated as linoleic acid. 
Determinations of linoleic and linolenic acids on samples of 
unsaponified extract were made by the method of Hilditch, 
Morton & Riley (1945). 

Acid equivalents. These were measured on dark-coloured 
fractions from the light petroleum-insoluble material by 
potentiometric titration, using a Mullard conductivity 
controller and bright platinum electrodes. 





672 


The other analytical methods used were as described for 
the neutral fraction (Riddell & Cook, 1955). Ester chol- 
esterol was obtained by difference between total and free 
sterol. 

Chromatography. In some experiments the methyl 
esters of the light petroleum-insoluble acids were separated 
by adsorption chromatography on alumina. The first 
experiments were made with untreated alumina (Savory 
and Moore) and poor recoveries of the initial material 
were obtained from the columns. In all later experi- 
ments acetic acid-washed and reactivated alumina was 
used (G. A. D. Haslewood,-personal communication), when 
better recoveries were obtained, but the results were not 
consistent. 

The adsorbent and material to be chromatographed 
were used in the ratios of 50 to 1 in a column of diameter 
3-5 em. fitted with a sintered glass base. The solvents used 
were light petroleum (b.p. 40-60°), benzene, ether and 
ethanol, all being of Analytical Reagent grade. The 
transition from one solvent to another was made by in- 
creasing the concentration of the more polar solvent by 
20% (v/v) each time. Eluates were collected in fractions 
(50 ml.). 
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RESULTS AND EXPERIMENTAL 


The values for total extracts, steam-volatile acids, 
ether-extractable acids and ester cholesterol are 
given in Table 1. Volatile acids were not determined 
in Expt. XIV, the main purpose of which was to 
investigate the light petroleum-insoluble fraction 
(see p. 673). 

The steam-volatile acids were increased after 
sterol feeding in Expt. VII, where a low-fat diet 
was fed, but there was no increase on sterol feeding 
with the high-fat diet in Expt. XIII. The ether- 
extractable acids were increased on sterol feeding in 
all experiments and there was an increase in the 
amount of esterified sterol on all diets. 


Fractionation of ether-extractable acids 
(Expts. VII and XIII) 


The results obtained (calculated for the total 
amounts excreted) are given in Table 2. Some 
observations on the methods and results are 


Table 1. Weights of the ether—ethanol extracts and contents of steam-volatile and ether-extractable acids 
and ester sterol in the faeces of rats fed a low-sterol diet (C series) and a high-sterol diet (S series) 





Expt. VII 
Low fat 

ee P SS Te 

Ge S 
(g-) (g-) 

Ether and ethanol extract 124 263 
Steam-volatile acids 11-5 15-6 
Ether-extractable acids 72-6 87-7 
Ester sterol 4-6 12-4 











Expt. XIII Expt. XIV 
High fat High fat 
—— \ ( Karmen, 
Cc S C 8 
(g-) (g-) (g.) (g.) 

58 122 106 107 
3-5 3-4 * — 

33-2 61-7 64-2 83-8 
0-8 4-0 3-2 12-5 


* Not measured. 


Table 2. Values for the fractionation of ether-extractable acids calculated for the total amount excreted 


LP, light petroleum (b.p. 40-60°). 


LP-soluble acids 
Solid acids 
Tetradecanoic 
Hexadecanoic (Paimitic) 
Octadecanoic 
In distillation residue 


Liquid acids 
Tetradecenoic 
Hexadecenoic 
Octadecenoic (Oleic) 
‘Linoleic acid’ 

In distillation residue 


Total LP-soluble 


LP-insoluble acids 


Initial fraction 
Distillation residue; solid acids 
Distillation residue; liquid acids 


Total LP-insoluble acids 


Expt. VII Expt. XIII 
os oF —— —— 
Cc S Cc Ss 
(g-) (g-) (g-) (g-) 
2-5 2-8 0 2-1 
13-9 17-2 4-8 9-7 
4-5 6-0 0-9 4-7 
4:3 3-4 2-7 18 
1-0 4-1 0 0 
8-4 9-8 5-4 5-4 
18-2 14-5 12-0 25:3 
4-4 0-5 1-6 0-9 
1-3 8-2 1-9 1-7 
58-5 66-5 29-3 51-6 
7:8 15-1 2-4 3-2 
2-2 2-6 0-3 3-0 
3°9 3-5 1:3 3°8 
13-9 21-2 4-0 10-0 
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necessary. The initial treatment with light petro- 
leum does not remove all insoluble acids, the 
presence of fatty acids increasing their solubility. 
When the bulk of the fatty acid esters are removed 
by distillation a further separation of a light 
petroleum-insoluble fraction from the distillation 
residues is possible. The total light petroleum- 
insoluble fraction is therefore composed of three 
fractions, viz. from the initial treatment and those 
obtained from the distillation residues of solid and 
liquid acids. The Twitchell separation into ‘solid’ 
or saturated acids and ‘liquid’ or unsaturated acids 
does make a broad separation, but some oleic acid 
is found in the solid acid fraction. 

The calculations involved in determining the 
composition of each distillation fraction are a 
compromise, as three simultaneous equations have 
to be solved. Also the values for ‘linoleic’ acid are 
for a mixture of polyethenoid acids. Determina- 
tions of linoleic and linolenic acids by the method of 
Hilditch et al. (1945) on unsaponified extracts gave 
good agreement with the acids from the C series 
(4:1, ef. 4-4; and 1-8, cf. 1-6), but with the S series 
the results obtained were considerably higher than 
those given. Interfering compounds present in the 
S series extracts made the results of little value. 

The results in Table 2 are given in absolute 
values for the various acid fractions and, as the 
same method was used throughout, the results are 
comparable. On both a low-fat and on a high-fat diet 
the absolute amounts of light petroleum-soluble 
and light petroleum-insoluble acids increased after 
the feeding of cholesterol. Of the light petroleum- 
soluble acids the solid acid fractions were increased 
in amount, this increase being greater when fat and 
cholesterol were fed. The palmitic acid fraction was 
more than doubled. The liquid acid fraction was 
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increased when cholesterol and fat were fed, the 
increase being mainly in oleic acid. The general 
picture is therefore of an increase in solid and liquid 
acid fractions which is most marked when fat and 
cholesterol are fed. 

The light petroleum-soluble fractions from the 
distillation residues had acid equivalents ranging 
from 320 to 500, the higher values indicating the 
presence of residual UM. The iodine values ranged 
from 19 to 56. No further investigations were made. 

The light petroleum-insoluble fractions were 
used for a preliminary exploration of methods for 
separating the components. By chromatography 
a number of non-crystalline optically active com- 
ponents were obtained. An experiment for the 
specific purpose of investigating the light petroleum- 
insoluble fraction was then undertaken. 


Fractionation in Expt. XIV 


The general procedure is shown in Fig. 1. The 
ether-extractable acids were converted into the 
methyl esters and distilled at 1mm. to a final 
column temperature of 170°. After saponification 
the distillable esters (fraction 1) were separated by 
the Twitchell procedure into solid and liquid acid 
fractions. The distillation residues were treated 
with light petroleum and separated into soluble 
esters (fraction 2) and insoluble esters (fraction 3), 
both of which were dark coloured. 

Fraction 2 was chromatographed on alumina. 
Fraction 22 was a dark tar which was not further 
investigated. Fraction 21 was saponified and 
extracted with ether to remove unsaponifiable 
matter which was added to that obtained in the 
initial separation. The acids were recovered, separ- 
ated into solid and liquid fractions and analysed. 
The results for the acids obtained in fractions 1 


Methy] esters distilled in vacuo 


Fraction 1. Distillable esters 
separated by Twitchell method 


Distillation residues 
treated with light 


into solid and liquid acid petroleum 
fractions 
Fraction 2. Soluble Fraction 3. Insoluble 
Chromatography Chromatography 
—_——_—_ 
LP 100 and mixtures to Et,0 80: EtOH 20 B 100 and Et,0 80: Boiling 
Et,0 100 and EtOH 100 mixtures to EtOH 20 EtOH 
Et,0 100 


Fraction 21. 
Semi-crystalline 
waxes 


Black tars 


Fraction 311-313 


(see Table 4) 


Fraction 22. 


Fraction 31. Fraction 32. Fraction 33. 


Yellow gum; Yellow gum; Black tar 
acetylated and acetylated and 
chromatographed chromatographed 


Fractions 321-324 Fraction 
(see Table 4) 325. 
Tar 


Fraction 314. 
Tar 


Fig. 1. Fractionation in Expt. XIV. The solvent systems used are expressed as v/v mixtures. LP, light petroleum 
(b.p. 40-60°); B, benzene; Et,0, ethyl ether; EtOH, ethanol. 
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and 2, and the total weight of the light petroleum- 
insoluble esters are given in Table 3. 

The distillable esters contained a mixture of 
fatty acids presumably similar to those demon- 
strated in Expts. VII and XIII. The light petro- 
leum-soluble fraction 21 contained acids with no 
demonstrable optical activity. They are probably 
mixtures of long-chain, Cy) and higher, saturated 
and unsaturated acids. No further investigations 
were made. Fraction 22 was insoluble in light 
petroleum but was not further investigated. 
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masses. Samples of these were analysed for acetyl, 
but none was found. The process of acetylation 
would appear to be affecting other components. 
It was decided to saponify each fraction separ- 
ately, remove any remaining neutral matter, and 
recover and investigate the acids. The total 
amounts of neutral matter recovered were C 0-1 g.; 
S 0-2 g. The recovered acids solidified to amorphous 
solids within a short time, but they could not be 
crystallized. Melting points were indefinite. The 
weights of the recovered acids and analyses are 


Table 3. Weights and analyses of fractions 1 and 21 from the treatment of the methyl esters 
of the ether-extractable acids in Expt. XIV 


The weights of the light petroleum-insoluble fractions 22 and 3 are also given. 





Light petroleum-soluble Fraction 1 Fraction 21 
ca 7 — 
Cc S C S 
Wt. (g.) 54:8 68-5 6-1 8-5 
Residual UM (g.) 0 0 0-8 1-9 
Total acids (g.) 54-8 68-5 53 6-6 
Equivalent 284 326 340 360 
Solid acids (%) 41 45 40 51 
Liquid acids (%) 59 55 60 49 
Light petroleum-insoluble Fraction 22 Fraction 3 
lr ——“—_—__ 
Cc S Cc S 
Wt. (g.) 0-4 0-7 2-8 6-1 


Light petroleum-insoluble fractions 3. Samples of 
the methyl esters (C 2-2 g.; S 5-9 g.) were dissolved 
in benzene and chromatographed. There were 
obtained fractions 31 (C 0-41 g.; S 1-40 g.), fractions 
32 (C 0-53 g.; S 2-80g.) and final fractions 33 
(C 0-16 g.; S 0-40 g.). Fractions 31 and 32 in both 
C and S series were yellow-brown gums, but 
fractions 33 were dark black tars. There was a loss 
of 50 % in the C series and of 20 % in the S series on 
chromatography of the initial material. Even after 
prolonged ethanol extraction the alumina was 
dark-coloured. 

Fractions 31 and 32 in each series were treated 
with acetic anhydride in pyridine and the materials 
recovered. The yields (as g.) were fraction 32 (C 
0-45; S 1-28) and fraction 33 (C 0-57; S 2-96). After 
this treatment the materials were soluble in a 
mixture of light petroleum and benzene. The 
treated fractions 31 and 32 from the C and S series 
were chromatographed separately, but in such a 
way that eluates of comparable nature were 
obtained. Nine fractions were obtained—fractions 
311 to 313 and fractions 321 to 324 were light- 
coloured gums, but the final fractions 314 (C 0-09 g.; 
S 0-21 g.) and 325 (C 0-19 g.; S 1-05 g.) were black 
tars. None of the fractions 311-313 and 321-324 
could be crystallized from the usual solvents, but 
on standing some of these solidified to amorphous 


given in Table 4, where values for cholic and tri- 
ketocholanic acid are also shown. Fraction 322 
from the S series was increased after sterol feeding 
and was further investigated. It gave a yellow 
Hammarsten test (Haslewood, 1943) and a yellow 
colour with cone. H,SO,. It gave a precipitate with 
an ethanolic 2:4-dinitrophenylhydrazine solution. 
Polarographic investigation by Mr D. M. Robertson 
showed a complex polarogram which was difficult 
to interpret but indicated the presence of a reactive 
carbonyl group. Infrared spectrophotometry by 
Dr R. Stevenson at the Converse Memorial 
Laboratory (Harvard University) showed a typical 
bile acid ‘finger print’ with a marked carbonyl 
inflexion. The evidence suggests a ketonic bile acid. 
The nature of the other acids is unknown, but from 
the properties they could consist of bile acids with 
and without keto groups (see Discussion). 

Final fractions. The acids recovered from the 
black tars had equivalents in the C series ranging 
from 246 to 376 and in the S series from 296 to 
456. The acids from each series were pooled. The 
solutions were fluorescent in indirect light. On 
analysis the acids from both series were found to 
contain 3-3 % N. These fractions probably contain 
acids of a pyrrolic nature, derived from the bile 
pigments, but there is evidence for the presence of 
other acids. ; 
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Table 4. Yields, properties and analyses for C and H of acids obtained by chromatography 
of the methyl esters of the light petroleum-insoluble fraction of Expt. XIV 


Solvents used were light petroleum (b.p. 40-60°)-LP; benzene-B, ether-Et,0 as v/v mixtures. 


Fraction Wt. 
(no.) Solvents Series (mg.) 
311 LP70:B30 C 121 

8 252 
312 LP30:B70 C 85 
S 299 
313 B100 Oo 139 
S 308 
321 LP 70: B30 C 88 
S 86 
322 LP30:B70 C 99 
S 609 
323 B100 C 50 
S 345 
324 B95: Et,05 C 26 
S 287 


Cholic acid (C,,H4,0;) 
Triketocholanic acid (C,,H,,0;) 


Livers 
The ether-ethanol extracts of the livers in 
Expt. XIV were saponified, the unsaponifiable 


matter was removed, the acids were recovered and 
converted into the methyl esters (C 8-7g.; S 
2-6 g.). The esters were chromatographed on 
alumina and from the light petroleum 50: benzene 
50 and benzene 100 eluates semi-crystalline 
fractions, soluble in light petroleum, were obtained. 
They had no demonstrable optical activity and 
consisted presumably of fatty acid esters (yields C 
2:0 g.; S 6-3g.). From the ether 50:ethanol 50 
eluates light-coloured gummy dextro-rotatory frac- 
tions were obtained (yields C 0-30 g.; S 0-54 g.). 
The gums were insoluble in light petroleum, but no 
further investigations were made. Black tars were 
obtained from the extruded columns with boiling 
ethanol. 
DISCUSSION 


The results obtained confirm and extend the ob- 
servations of Cook (1938) that the feeding of 
cholesterol is associated with the increased faecal 
excretion of acids. The experiments have been 
made using the balance method with unlabelled 
sterol, but there is evidence from experiments 
using #4C-labelled cholesterol that acids are indeed 
formed. Siperstein & Chaikoff (1952), using 
cholesterol labelled in positions C, and C,,, have 
shown that 90% of the sterol labelled in the 
nucleus (C,) was recovered in the saponifiable 
fraction in the faeces and reached the intestinal 
tract via the bile. 

A more specific fate of the cholesterol is its con- 
version into bile acids, a transformation first sug- 





Analyses 

r ene 

Acid Cc H 
equivalent [a]p (%) (%) 
323 +27° 72-8 10-8 
349 +35° 71-0 10-2 
335 +41° 67-1 9-5 
340 +40° 72-9 10-0 
358 + 9° 70-7 9-5 
296 +12° 71-6 9-6 

341 +42° — ~ 

356 +46° — — 
403 +23° 61-2 9-2 
356 +43° 69-9 9-8 
482 + 28° 58-4 9-0 
388 +48° 71-2 9-9 

379 +22° — — 
360 +41° 69-7 9-5 
408 +37° 70-6 9-8 
402 — 71-6 8-5 


gested by Bloch, Berg & Rittenberg (1943). This 
observation has now been confirmed (see Byers & 
Biggs, 1952; Bergstrém, 1952) and may be re- 
garded as a major pathway of cholesterol meta- 
bolism. Our experiments showing the large in- 
crease in light petroleum-insoluble acids and what 
are probably ketonic bile acids is indicative of this 
pathway. The analyses given in Table 4 show the 
diverse nature of these acids and the preliminary 
experiments on the liver suggest that similar acids 
arise in part at least in that organ. The subject is 
being further investigated. The increase in the 
excretion of volatile acids is discussed in more 
detail in the succeeding communication (Cook, 
Edwards, Riddell & Thomson, 1955). 

The large increase in the light petroleum-soluble 
acids is still to be explained. Part of this is due to 
an increase in the excretion of sterol esters after 
feeding cholesterol. If the amount of acid (calcu- 
lated as oleic acid) so esterified is deducted from the 
total light petroleum-soluble acid excreted a 
considerable portion is still unaccounted for. The 
conversion of cholesterol into other acidic com- 
ponents is thus indicated. This subject is discussed 
further in the succeeding communication. 


SUMMARY 


1. The faecal excretion of acids in rats fed low- 
fat and added fat (16-6%) diets containing small 
amounts or large amounts (1-6 %) of cholesterol has 
been investigated. 

2. The amounts of ether-extractable acids and 
of ester cholesterol are increased after sterol feeding 
(Table 1). 
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3. The ether-extractable acids were separated 
into solid and liquid acid fractions, converted into 
methyl esters and fractionally distilled. The light 
petroleum-insoluble compounds were separated 
from the fractions. Analyses of the acids are given 
(Table 2): these show that the increases after 
cholesterol feeding occur in the solid, liquid and 
light petroleum-insoluble fractions. 

4. The methyl esters of the light petroleum- 
insoluble esters were chromatographed and gave 
a number of fractions, some of which are probably 
ketonic bile acids (Table 4). 

We are indebted to the Medical Research Council for a 
personal grant (to D.C.E.) and a grant for expenses. 
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Cholesterol Metabolism 
6. THE FATE OF INGESTED CHOLESTEROL IN THE INTACT RAT 


By R. P. COOK, D. C. EDWARDS, CHRISTINE RIDDELL anv R. O. THOMSON 
Department of Biochemistry, Queen’s College, Dundee (University of St Andrews) 


(Received 1 March 1955) 


Some of the neutral and acidic products of the 
faecal excretion after the ingestion of cholesterol 
have been described (Riddell & Cook, 1955; 
Edwards & Cook, 1955). The object of this com- 
munication is to put the results of the several 
experiments on a comparable basis and to give 
a picture of the metabolism of cholesterol in the 
entire animal. The method used has been to feed 
large amounts of cholesterol to one group of 
animals and to keep a control group on a diet low 
in sterols. The difference between the two groups 
has been taken to indicate the changes undergone 
by the ingested cholesterol. Schoenheimer & 
Breusch (1933) demonstrated that in mice there 
was a balance between cholesterol synthesis and 
destruction, and that on diets rich in cholesterol 
destruction exceeded synthesis. Using labelled 
cholesterol, this conclusion has been confirmed for 
other animal species (Gould, Taylor, Hagermann, 
Warner & Campbell, 1953; Langdon & Bloch, 
1953). It can thus be considered that differences 
between the total sterol fed and that excreted 
represents the cholesterol metabolized, this term 
being used to include all processes occurring within 
the animal. The method lacks the finesse of experi- 
ments using isotopically labelled sterols but has the 
advantage that large amounts of material are 


available for study. In work of this nature the 
isolation of intermediates in the biological degrada- 
tion of cholesterol is of importance as pointer to 
further experiments. 

The greater part of the sterol metabolic pro- 
ducts appears in the gut and is excreted in the 
faeces. Some slight excretion occurs in the urine 
and sebum, but for practical purposes these path- 
ways may be neglected. In addition to the experi- 
ments in which animals were fed animal cake which 
has a high fibre content, some experiments were 
carried out on synthetic diets low in fibre to 
determine the amount and nature of the steam- 
volatile acids. A short account of this aspect of 
the study has been given (Thomson, 1951). 
Balance experiments on the rat after cholesterol 
ingestion show that the absorbed cholesterol is 
localized in the liver, and this organ has been made 
the subject of preliminary study. The rat has a well- 
developed tolerance for ingested cholesterol and is 
a good subject for the study of its metabolism. 


METHODS AND MATERIALS 


The diets having animal cake as basis have been described 
(Riddell & Cook, 1955). In addition, two experiments were 
made with synthetic diets low in fibre content, with and 
without added fat, to determine the nature of the faecal 
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volatile acids, no other investigations being made. These 
diets were similar to those described by Cook, Polgar & 
Thomson (1950). Six male animals were used in each 
series in each separate experiment, The methods used for 
extraction of faeces, saponification, removal of unsaponi- 
fiable matter (UM) and recovery of acids are described 
(Riddell & Cook, 1955; Edwards & Cook, 1955). 

Steam-volatile acids. Total steam-volatile acids were 
determined on the extracted soap solution by the method 
of Friedmann (1938). The individual acids were determined 
by chromatography (Moyle, Baldwin & Scarisbrick, 1948). 
The silica gel used was prepared by the method of Gordon, 
Martin & Synge (1943). 

Livers. These were investigated only in the animals fed 
the animal cake diet. At the conclusion of an experiment 
the animals were decapitated and exsanguinated. The livers 
were removed, weighed, minced coasely and dried in vacuo 
at 100°. The dried livers were extracted first with ether and 
then with ethanol, and the extract was weighed. Samples 
were analysed by the methods described previously. 


RESULTS 


In Table 1 are given the diets fed, the duration of 
the experiments, the average aggregate weights of 
the animals during the course of the experiments, 
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interesting feature is that the value S—C for the 
faecal extracts is very similar to the total amount 
of cholesterol fed. 

In Table 2 are given the values for the total 
amount of steam-volatile acids in the faecal 
extracts and for the percentage distribution of the 
various acids as determined by chromatography. 
The method used does not differentiate between the 
isomeric C, and C, acids. Values are also shown on 
a kg. body weight per day basis. Large amounts of 
volatile acids are present in the faecal extracts, 
when the fibre-containing animal-cake diets are 
fed. On these diets acetic and propionic acids 
predominate. Whensynthetic diets are fed, the total 
amount of volatile acids is considerably decreased. 
The administration of cholesterol on the low-fat 
animal-cake diet increases the production of total 
volatile acids and the increase is most marked with 
the acetic acid fraction. Administration of addi- 
tional fat decreased the excretion of volatile acids 
to about half of that found with the low-fat diet, 
and there was no significant difference between the 
C and S series. On the synthetic low-fibre diets, 
the production of total volatile acids and of acetic 


Table 1. Consumption of added cholesterol and amount of total faecal extract on various diets 


Six animals in each group. C series low sterol diet, S series added sterol diet. 





Average Added sterol fed Total faecal extract 
aggregate . Vs i ’ 
wt. of (g./kg. (g./kg. 
Expt. Duration animals body body 
no. Diet (days) Series (g.) (g-) wt./day) (g.) wt./day) 
VII Animal cake 53 C 1951 -~ — 124 1-20 
S 1720 137-0 1-49 263 2-86 
XII Animal cake plus olive oil 32 C 1664 — — 58 1-10 
S 1654 50-7 0-97 122 2-32 
XIV Animal cake plus olive oil 28 Cc 1891 -- — 106 2-00 
S 2155 59-0 0-98 167 2-78 
XV Synthetic (no fat) 14 Cc 2349 _— — 14-7 0-45 
S 2347 29-6 0-89 43-3 1-32 
XVI Synthetic plus olive oil 14 C 1368 _ — 10-8 0-56 
8S 1596 16-0 0-71 24-6 1-10 


the amounts of added cholesterol fed and the 
weights of the total ether and ethanol extracts. 
Values have been calculated on a kg. body weight 
per day basis for the added cholesterol ingested 
and for the faecal lipid excreted. 

The intake of food and hence of cholesterol was 
greatest on the low-fat animal-cake diet because of 
the lower calorific value of the food, but similar 
amounts of the other diets were eaten. More faecal 
extract was obtained with the C series animals on 
the animal cake ration which contained fibre than 
was obtained with the animals on the synthetic 
diets. In Expt. XIV the C series animals showed 
an unexplained high excretion of faecal lipid. An 


acid is of the same order on the low- and high-fat 
diets whether cholesterol is administered or not. 

In Table 3 are given values for the livers of the 
animals on the animal-cake diets. The livers showed 
an increase in weight after cholesterol feeding 
which was most marked in those animals receiving 
added fat. On the fat-containing diets there were 
marked increases in the total amounts of unsaponi- 
fiable matter, sterol and ether-extractable acids 
after the feeding of cholesterol. 

In Table 4 the total amounts of unsaponifiable 
matter and of digitonin-precipitable sterol re- 
covered from the faeces and the livers of the animals 
fed the animal-cake diets are given for both C and 
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Table 2. Steam-volatile acids in faecal extracts 


Total volatile acids and individual acids as % of total volatile acids. Values are given also for the excretion of total 


volatile acids and acetic and propionic acids as mg./kg. body wt./day. C, low sterol diets; S, added sterol diets. 








Expt. VII Expt. XIII Expt. XV Expt. XVI 
£ — » ¢ A \ Ca A— of A \ 
, 8 Cc S Cc S Cc 8 
Total volatile acids (g.) 11-5 15-6 3-5 3-4 0-3 0-5 0-2 0-25 
Acids (as % total) 
C, 36 56 43 49 13 30 35 34 
C; 30 26 33 32 9 13 29 31 
C, ; 18 8 12 7 8 9 12 12 
C. 7 7 6 4 15 ll ll 10 
C, and higher 8 4 6 9 56 37 12 12 
Total volatile acids lll 169 66 65 9-1 15-2 10-4 11-2 
(mg./kg. body wt./day) 
Acetic acid (mg./kg. body 40 94 28 32 1-2 4-5 3-6 3°8 
wt./day) 
Propionic acid (mg./kg. body 33 Ad 22 21 0-8 2-0 3-0 3-5 
wt./day) 


Table 3. Analysis of livers 


Values for fresh wt. as % final body wt., lipid extract, unsaponifiable matter (UM), total sterol and ether-extractable 


acids are given. C, low sterol diets; S, added sterol diets. 


of animals on animal-cake diets 


Expt. VII Expt. XIII Expt. XIV 
ase a — 
Cc S Cc S Cc S 
Fresh wt. (g.) 81-0 88-7 70-6 93-2 75: 90-0 
As % body wt. 3-6 4-7 3-8 4-9 3°6 3°9 
Extract (g.) 4-1 3-1 5-7 14-2 48 14-2 
UM (g.) 0-2 0-4 0-5 4:5 0-4 2-8 
Sterol (g.) 0-15 0-35 0-3 3-4 0-2 2-4 
Ether-extractable acids (g.) 2°3 1-9 3-5 6-4 2-6 8-7 


Table 4. Unsaponifiable matter (UM) and total digitonin-precipitable sterol excreted in faeces 


and obtained from the livers 


Values are also given for saturated sterols, light petroleum-insoluble and -soluble acids and for the oleic acid equivalent 


of the ester sterol excreted in the faeces. C’, low sterol diets; S, added sterol diets. 





Expt. VII Expt. XIII Expt. XIV 
oO c r ) at \ 

Cc Ss Cc 8 C 8 
UM excreted + in livers (g.) 18-2 135-2 11-6 46-2 16-1 61-5 
Sterol excreted + in livers (g.) 11-6 122-8 5-5 29-5 5-5 36-5 
Saturated sterols excreted (g.) 9-2 40-4 4-0 16-7 4-1 11-7 
Light petroleum-soluble acids excreted (g.) 58-2 66-5 29-3 51-6 60-9 77-0 
Oleic acid equivalent of sterol esters excreted (g.) 3-0 8-2 0-5 2-6 2-1 8-3 
Light petroleum-insoluble acids excreted (g.) 13-9 21-2 4-0 10-0 3-2 6-8 


S series. Values are also given for the amounts of 
saturated sterol excreted, total light petroleum- 
soluble acids excreted and the oleic acid equivalent 
of the sterol esters excreted. These values have been 
calculated from the ester values given by Edwards 
& Cook (1955), oleic acid being chosen as a typical 
ester-forming fatty acid. The total amounts of light 
petroleum-insoluble acids are also shown. 

These experiments are compared further in 
‘Table 5, in which the results of the balance 
studies have been calculated on a comparable 
basis, i.e. per kg. body weight/day and percentage 


of ingested cholesterol. The mean of the values for 
the two experiments on the high-fat diet has been 
taken. 

On both a high- and on a low-fat diet a large part 
of the sterol was excreted as unsaponifiable matter 
or as sterol. An approximate value of the per- 
centage of unabsorbed sterol is obtained by taking 
the difference between the total digitonin-precipit- 
able sterol excreted and the value obtained for 
saturated sterols. On the low-fat diet the un- 
absorbed cholesterol wags 59%, but on the fat- 
containing diet it was 32%. The absorptions (as 
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Table 5. Comparison of sterol and acid excretion on high- and low-fat diets 


The values for sterol and acid excretion given as g./kg. body wt./day and as % of sterol fed and refer to S—C series in 
each expt. In the case of the high-fat diet the values are the mean of Expt. XIII and XIV. 


Total added sterol fed (A) 

UM excreted + liver UM (B) 

Digitonin-precipitable sterol excreted + liver sterols (C) 
Digitonin-precipitable saturated sterols excreted (D) 
Unsaturated sterol in faeces and livers (C—D) 


Sterol converted into UM not precipitable by digitonin (B — C) 


Sterol unaccounted for as UM (A - B) 
Total light petroleum-soluble acids (E) 
Oleic acid equivalent of esters excreted (F) 
Light petroleum-soluble acids (E — F) 
Light petroleum-insoluble acids 


g./kg. body wt./day) were 0-26 on the low-fat diet 
and on the fat-containing diets 0-48. This fact is 
reflected in the higher levels of sterols obtained 
from the livers of the animals fed fat (Table 3). 

Some of the unsaponifiable matter cannot be 
accounted for as digitonin-precipitable sterol. This 
amounted to 4% on the low-fat diet, but it was 
21% on the fat-containing diet. This fraction is 
apparently accountable for as hydrocarbons, 
ketones and 3«-stanols (cf. Riddell & Cook, 1955). 

There was a large increase in ether-soluble acids, 
particularly on the fat-containing diets. Some of 
this increase was due to an increase in the excretion 
of esterified cholesterol but, even if the oleic acid 
equivalent of the esters is deducted, a substantial 
percentage still remains unaccounted for. The light 
petroleum-insoluble acids on both types of diets 
account for about 7% of the ingested cholesterol. 
The total of the unsaponifiable matter, which is not 
accounted for, is of the same order as the sum of 
the light petroleum-insoluble acids plus the light 
petroleum-soluble acid fraction corrected for 
esterified acid. Thus in Expt. VII these values (as 
%) total 12 and 13 respectively and with the fat- 
containing diets 30 and 29 respectively. 

If the amounts of unsaturated sterol in the faeces 
and in the livers (ie. C—D) and which may be 
regarded as unaltered cholesterol are deducted 
from the sterol fed, it is possible to obtain a picture 
of the cholesterol metabolized (or changed), i.e. 
A—(C—D), values for the low-fat diet being given 
first. Given as percentage values of A—(C—D) 
these are: converted into saturated sterol 56, 27; 
absorbed 43, 73; converted into unsaponifiable 
matter, not precipitable by digitonin 11, 31; con- 
verted into light petroleum-soluble acids 16, 31; 
converted into light petroleum-insoluble acids 14, 12. 
More saturated sterols are produced on the low-fat 
diet, but the absorption is greater, when added fat 





Expt. VII. Expts. XIII and XIV. 
Low-fat diet High-fat diet 
c mae ‘ ct o 
(g-/kg. body (g-/kg. body 
wt./day) (%) wt./day) (%) 
1-49 100 0-97 100 
1-29 86 0-69 71 
1-23 82 0-49 51 
0-35 23 0-18 19 
0-88 59 0-31 32 
0-06 4 0-20 21 
0-20 13 0-28 29 
0-15 — 0-28 — 
0-06 —_— 0-07 — 
0-09 6 0-21 22 
0-09 6 0-08 8 


is present in the diet. On the added-fat diet there 
is a greater production of neutral matter, not 
precipitable by digitonin, and of light petroleum- 
soluble acids. The light petroleum-insoluble acids 
produced are of the same order with both diets. 


DISCUSSION 


The results give a general picture of the changes 
undergone by cholesterol in the intact rat on diets 
containing small and large amounts of fat. The 
complexity of the picture is added to by the 
presence of the normal microbial inhabitants of the 
gut. These bring about changes in the cholesterol 
itself, and in the products excreted in the bile and 
by the intestinal mucosa. Our experiments allow 
us only to surmise what these transformations are, 
but they are of undoubted importance. It has been 
shown that active metabolism of cholesterol occurs 
with cultures of intestinal bacteria developed 
under special conditions (Wainfan, Henkin, Ritten- 
berg & Marx, 1954). 

The neutral fraction forms a large percentage of 
the excreted faecal material. This consists of un- 
absorbed cholesterol, saturated sterols of which 
coprostanol forms the greatest part and compounds 
not precipitable by digitonin (Riddell & Cook, 
1955). The site of conversion into coprostanol is 
considered to be the intestine and the mechanism 
that of microbial action. The large amount of 
saturated sterol formed on the low-fat diet, where 
absorption is smaller, is evidence for intestinal 
transformation. A good study of the mechanism of 
coprostanol formation has been made by Rosenfeld, 
Fukushima, Hellman & Gallagher (1954). The other 
components of the neutral fraction are described by 
Riddell & Cook. 

The increased excretion of acids after cholesterol 
feeding is of great interest. The light petroleum- 
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insoluble acid fraction contains a large amount of 
what are probably ketonic bile acids (cf. Edwards 
& Cook, 1955). The main acid excreted in the bile 
of rats is cholic acid, and Bergstrém (1954) has 
shown clearly that this is derived from cholesterol. 
The process of conversion is complex and inter- 
mediates such as lithocholic and chenodeoxycholic 
acids are formed (Siperstein, Harold, Chaikoff & 
Dauben, 1954). These acids are changed into keto 
acids and possibly hydroxylated by intestinal 
micro-organisms (Schmidt & Hughes, 1942; 
Schmidt, Hughes, Green & Cooper, 1942; Berg- 
strém & Norman, 1953). 

The experiments show that there is a greater 
excretion of steam-volatile acids, particularly 
acetic and propionic acids, on the fibre-containing 
diets than there is on the low-fibre or synthetic 
diets. The addition of cholesterol caused a signifi- 
cant rise only when the low-fat fibre-containing 
diet was fed, the addition of fat. abolishing this 
effect. The results are difficult to interpret, but the 
large production of volatile acids on the fibre- 
containing diets is presumably due to the intestinal 
fermentation of cellulose which may be affected by 
the presence of cholesterol. Our data are not 
adequate to decide whether cholesterol is broken 
down, in part at least, to smaller fatty acid units, 
but the possibility should be considered. It has 
been shown in rats that part of chain-labelled 
(C,,) cholesterol is eliminated as CO, (Chaikoff et al. 
1952). 

The light petroleum-soluble acids which consist 
of saturated and unsaturated fatty acids are 
markedly increased in amount after sterol feeding. 
Part of this increase may be ascribed to the ex- 
cretion of cholesteryl esters which show an increase, 
particularly when fat is added to the diet. More- 
over, it is known that cholesterol lowers the 
absorption of fat (Cook & Thomson, 1951). When 
the light petroleum-soluble acids are corrected for 
the acid excreted as ester (calculated as oleic acid), 
there is an excess of acids unaccounted for. An 
apparent balance of this excess may be made 
with the missing cholesterol, and it is suggested 
that cholesterol is converted in part into acids 
which appear in the light petroleum-soluble 
fraction. 

Robinson (1946) has suggested that cholesterol 
may be converted into a branched-chain acid. 
Branched-chain acids have been shown to have a 
wide distribution in animal tissues. Van Bruggen, 
Hutchens & West (1951) showed that, when ™C- 
labelled cholesterol was administered to animals, it 
appeared in the fatty acid fraction of various 
tissues and at least 5 % of the label was so recovered. 
Preliminary experiments indicate that branched- 
chain acids are present in the solid acid fraction of 
the faecal acids. The site of transformation is un- 
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certain, but the liver shows a rise in total acids 
after sterol feeding and it rapidly metabolizes 
cholesterol. Special methods are being developed 
for the study of cholesterol metabolism in this 
organ and in the intestine. 

Our experiments give rise to numerous con- 
jectures as to the pathways of cholesterol degrada- 
tion in the organism, but their demonstration must 
await further experiment. 


SUMMARY 


1. The faecal excretion of lipid and the deposi- 
tion of lipid in the livers of rats fed diets containing 
cholesterol without and with added fat has been 
investigated. 

2. The total steam-volatile acids and their com- 
ponents formed on low- and on high-fibre con- 
taining diets were studied (Table 2). 

3. The livers were analysed for unsaponifiable 
matter, sterol and ether-extractable acids (Table 3). 

4. From a balance of the total amounts in- 
gested and excreted (Table 4), the values for 
sterol and acid excretion are calculated per kg. 
body wt. and as a percentage of ingested cholesterol 
(Table 5). 

5. More cholesterol is absorbed when added fat is 
present in the diet, but the conversion into saturated 
sterols is greater on the low-fat diet. The conversion 
of cholesterol into non-digitonin precipitable neutral 
compounds and into acids soluble in light petroleum 
is greater on the added fat diet. The conversion into 
light petroleum-insoluble acids which are mainly 
ketonic bile acids is of the same order with both 
diets. 


We are indebted to the Medical Research Council for 
personal grants to D.C.E., C.R. and R.O.T. and also a 
grant for expenses. Part of the expenses were borne by a 
grant from the Scottish Hospital Endowment Research 
Trust. 
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Wolfe, Hershberg & Fieser (1940) were pioneers in 
the polarography of ketosteroids in body fluids by 
introducing a method for determining 17-keto- 
steroids in urine. Morris and his co-workers have 
made valuable contributions in this field culminat- 
ing in a neat method, combining partition chro- 
matography and polarography, for the examination 
of corticosteroids in human blood (Morris & 
Williams 1953). In all these methods direct or 
classical polarography was used. Derivative 
technique was introduced by Heyrovsky (1946) 
with a circuit modified to pruduced a sharp peak in 
a polarogram instead of a stepped wave. A derived 
polarogram differs from the conventional type in 
that the rate of change (di/dZ) of diffusion current 
(i) with applied potential (#) is measured instead of 
the diffusion current itself. The result is a peak, 
representing maximum d?/dE occurring at or very 
near the half-wave potential of the conventional 
polarogram. This results in an improved definition 
of the value of the half-wave potential. In favour- 
able cases, the height of the derived wave is pro- 
portional to the concentration of reacting material. 
The method used here embodied a more convenient 
circuit described by Leveque & Roth (1949). 

The technique of derivative polarography has 
been applied to the examination of C,,-ketosteroids. 
The ketonic fraction from the neutral matter of the 
faecal extracts of animals fed large and small 
amounts of added cholesterol was investigated (see 
Riddell & Cook, 1955). In addition, a number of 
ketonic bile acids and other ketosteroids have been 
studied. The work of Prelog & Hiifliger (1949) on 
the polarography of cyclohexanone formed a 


valuable source of reference. 


METHODS AND MATERIALS 


Apparatus. A Tinsley Three-Unit Ink Recording Polaro- 
graph was used in conjunction with a Tinsley Derivative 
Unit. Two Muirhead Decade Resistance Boxes were 
introduced into the potentiometer circuit, one at each end 
of the auto-dial wire. By this means recordings could be 
restricted to selected voltage ranges and the rate of voltage 
application could be decreased. A switch was used to 
eliminate the positive part of the potentiometer winding 
when it was desired to use the resistance boxes. The 
principle of these alterations is shown in Fig. 1. A dip 
type, saturated calomel electrode, with connexion through 
agar, was used. The dimensions are not critical. 










Cell circuit 


Derivative 
unit 


Potentiometer 





Decade resistance 
0-1000 Q 





Fig. 1. Alterations to the polarograph potentiometer 
circuit. 


All measurements were made with the polarographic cell 
immersed in a thermostatically controlled bath at 25° + 0-2°. 
A dropping mercury electrode was used having the 
characteristics of 1-54sec. for the drop time (¢) and 
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2-69 mg. for the weight of mercury/sec. (m) delivered in 
distilled water. The mercury head was 35 cm. 

Buffers. The use of buffered solutions was considered 
necessary, since the half-wave potentials (H;) of all keto- 
steroids, free or as the betainyl hydrazones, alter with pH. 
The addition of ethanol to the buffer solution was found to 
be essential with the C,,-ketosteroids and enhanced the 
diffusion currents of C,- and C,,-ketosteroids. Determina- 
tions for the free ketosteroids and for their betainyl 
hydrazones were carried out in an ethanolic (90%, v/v) 
buffer with diethylbarbituric acid (0-05m), LiCl (0-1m) and 
LiOH to pH 8-5. All pH measurements were made with 
a glass electrode using a Doran Dual Titrimeter calibrated 
with Cambridge Standard Buffer Tablets (pH 4 and 9-27) 
in aqueous solution as pH controls. The pH value chosen 
gave optimum results with cholestan-3-one and coprostan- 
3-one and worked satisfactorily with all other ketosteroids 
tested. 

Reagents. The salts used in the buffer solutions were of 
‘Polaritan’ grade (Hopkin and Williams). The diethyl- 
barbituric acid was from pharmaceutical sources and was 
found to be of sufficient purity. The reagent T (trimethy]l- 
ammoniumacetohydrazide chloride; Girard & Sandulesco, 
1936) was crystallized three times from ethanol (Morris & 
Williams, 1953), and the methanol for the Girard reaction 
was distilled from CaO (5%, w/v) with a little Zn dust 
present. Anhydrous acetic acid was prepared by adding 
acetic anhydride (5%, v/v) and distilling the dried acid. 

Preparation of 2:4-Dinitrophenylhydrazones (2:4-DN PH). 
The 2:4-DNPH derivatives of coprostan-3-one and of 
cholestan-3-one were prepared by allowing the ketonic 
material to stand overnight in ethanol saturated with 2:4- 
dinitrophenylhydrazine and containing HCl (1%, v/v). 





Chromatography 


Attempts to separate the C,,-ketosteroids by partition 
methods were unsuccessful, but adsorption-elution chro- 
matography was found to be effective. 

Alumina. Chromatography on alumina was used to 
separate the ketosteroids from other matter in extracts of 
biological origin. Some separation of coprostan-3-one, 
cholestan-3-one and cholest-4-en-3-one from cholesta-3:5- 
dien-7-one and cholesta-4:6-dien-3-one was achieved. The 
alumina used was that of Savory and Moore (Brockmann 
Grade II) and ten times the weight of alumina to the 
material to be chromatographed was used. 

Silica gel—Celite. Following the suggestion of Brett- 
schneider (1941), who gives no experimental details, silica 
gel was used for the chromatography of free ketosteroids. 
A partition system has been used by Katzenellenbogen, 
Dobriner & Kritchevsky (1954) for the separation of highly 
polar ketosteroids with silica gel as support for the station- 
ary phase. In the method described here a good separation 
of the 2:4-DNPH of coprostan-3-one and cholestan-3-one 
was achieved upon silica gel. The silica gel was prepared 
from commercial water glass (sodium silicate) diluted with 
water (4 vol.) by the addition of HCl (10N) with stirring. 
The granules were washed, dried at room temperature and 
passed through a sieve. One-tenth of the total weight of 
this preparation in Celite was added and the mixture dried 
at 37° in an air oven for upwards of 3 hr. before use. 

Solvents. All solvents used in the chromatography were 
of Analytical Reagent grade (British Drug Houses) and 
were not further purified. 
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Measurement of derived diffusion current 
and half-wave potential 


The height of the derived diffusion current peak (the 
maximum value of di/d£Z) is given in tables and figures in 
mm., measured on the record: the sensitivity of the gal- 
vanometer settings used (mm./yA) are given. The symbol 
D has been adopted for this peak-height. This procedure is 
analogous to the method of measuring ‘wave-span’ for a 
direct polarogram (Wolfe et al. 1940). Calibration of the 
indicated potential values on the potentiometer dial in 
terms of potential drop through the cell circuit was carried 
out for a resistance setting of 700Q on the negative side 
and one of 300Q on the positive side of the potentiometer 
wire, covering a range of — 0-9 to —1-9v. The values of Ey 
for Zn?+ (— 1-02 v) and Mn*+ ( — 1-51 v) in aqueous n-KCl, 
with reference to the saturated calomel electrode (Kolthoff 
& Lingane, 1952), were used as standards, 0-01% gelatine 
being used as maximum suppressor. 


Preparation of polarographic samples 


Free ketosteroids. Free ketosteroids were examined as 
such after solution in the ethanolic buffer described. Pure 
samples were weighed, dissolved in 2 ml. of buffer which 
had been deoxygenated separately with N,, and gelatine 
added as maximum suppressor. Ketonic fractions from 
biological material were treated similarly; no maximum 
suppressor was found to be necessary. 

Betainyl hydrazones. These were prepared from the free 
ketones in the buffer after polarography had been per- 
formed to detect reducing ketosteroids. The contents of 
the polarographic cell (2 ml.) were diluted with water 
(2 vol.) and extracted with light petroleum (b.p. 40-60°) in 
two lots of 10 ml. The residue from this extract was heated 
for 8 min. over a steam bath with 0-5 ml. of a solution of 
Girard T reagent (0-02 g.) in methanol (9 ml.) and acetic 
acid (1 ml.). The material resulting from this was dried 
under water-pump vacuum at room temperature, buffer 
(2 ml.) was added and the pH of the solution of betainyl 
hydrazones in buffer was adjusted before polarography to 
8-5+0-1. 


RESULTS 


Characteristics of the derived polarogram. Figs. 2 
and 3 demonstrate the main features of the derived 
polarogram. A mixture of 3-keto-A‘-steroids and 
17-ketosteroids was polarographed in the form of 
the betainyl hydrazones. Resolution of the points 
of inflexion of the polarogram is much improved, 
but the sensitivity has decreased to about one- 
fifth of the former level. A low sensitivity was 
used in the production of the direct polarograms in 
order to get both waves (the A‘-3-keto wave at 
—1:37v and the 17-keto wave at —1-68v) on the 
same trace. For the same sensitivity setting the 
derived wave peak (di/d#) will have one-fifth to 
one-quarter the magnitude of the current (i). The 
loss of sensitivity is largely offset by the sharp 
definition of the maximum, increasing the precision 
of measurement. 

The improved resolution obtained has made it 
possible to assign different values of H, to cholesta- 
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3:5-dien-7-one (—1-24v) and cholesta-4:6-dien-3- 
one (— 1-18 v) as the free steroids; this difference 
corresponds to 10 mm. on the voltage scale of the 
polarogram, —0-9 to — 1-9 v, covering 180 mm. 

Effect of pH. Fig. 4 shows the effect of pH on the 
derived diffusion current peak (D) and the half- 
wave potential (Z;) of cortisone as its Girard 
complex. 


80 


D (mm.) 
a 


“05 -10 15-20 -25 
Volts . 

Fig. 2. Three types of polarogram made from a mixture of 
3-keto-A‘-steroids and 17-ketosteroids (80yg./ml. of 
androst-4-en-3:17-dione and 150 yug./ml. of 38-hydroxy- 
androst-5-en-17-one) as Girard T derivatives. Polarogram 
A was made using the technique of Werthessen & Baker 
(1945); C was made using the derivative unit. Sensitivity 
setting for A and B, 20pa.; for C, la. 
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Fig. 3. Derivative polarogram (A) of a mixture of 3-keto- 
A*- and 17-keto-steroids (see Fig. 2) after alteration of the 
instrument as indicated in Fig. 1 and of a mixture (B) 
of cholesta-3:5-dien-7-one (60 ug./ml.) and of cholest-4-en- 
3-one (60 yg./ml.). Sensitivity setting; 1 wa. 


Linearity of derived current-concentration curves. 
A linear relationship between D and concentration 
of C,,-ketosteroids was found from about 10-4m to 
10-*M (i.e. between 40 and 360 yg./ml.) at pH 8-5 
in the ethanolic buffer described, both for the free 
steroids and for the betainyl hydrazones (see Fig. 5). 
A similar relationship was found for coprostan-3- 
one and cholestan-3-one betainyl hydrazones, the 
change in the magnitude of D being 55mm. 
between 10-4 and 10-* for a sensitivity setting of 
2 pA. 
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Reproducibility of polarograms. Using the eth- 
anolic buffer in the making of serial polarograms 
from the same sample, a very slight increase in the 
maximum took place due to evaporation of ethanol 
from the cell. If precautions are taken to keep the 
volume of liquid in the cell constant, serial polaro- 
grams can be superimposed and seen to be identical 
except for a slight, insignificant variation caused 


© Derived diffusion current 
© Half-wave potential 
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Fig. 4. Effect of pH on the derived diffusion current peak 
(D) and half-wave potential (Z,) of cortisone betainyl 
hydrazone (180 yg./ml.). 
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Fig. 5. Variation in derived diffusion current peak (D) 
and half-wave potential (H,) with concentration. 
Cortisone betainyl hydrazone; pH 8-5. 


by, for example, an occasional irregular mercury 
droplet from the dropping electrode. Polarograms 
made at different times of the same material are 
subject to a slight variation in the magnitude of D 
which seldom exceeds 2-3 mm. for a sensitivity 
setting of 1a. Change in concentration and pH 
produced slight changes of H;,, but these were 
negligibly small under standardized conditions of 
measurement. When a suitable pH value has been 
chosen for measuring D or for making calibration 
curves of D against concentration for quantitative 
estimations (e.g. pH 6-5 for cortisone at which the 
change in D is minimal for a slight change in pH), 
the slight change of Z; with D presents no difficulty. 
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Sensitivity. About 30yg./ml. of a ketosteroid 
ean be detected and estimated (error +10%) 
using the derivative technique described in this 
paper. 

Free steroids and their betainyl hydrazones 


In Table 1 are given the values for the half-wave 
potentials and derived diffusion currents of a 
number of ketosteroids in the free state and of 
their betainyl hydrazones. 
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range from —1-64v (11-dehydrocorticosterone) to 
—1-77v (5a-pregnane-3f-ol-20-one). These ranges 
do not overlap and it is thus possible to determine 
the position of the reactive group from the E, 
value. 

For the betainyl hydrazones double waves were 
obtained with testosterone, cholest-4-en-3-one, 
progesterone, corticosterone and 11-dehydrocorti- 
costerone. The first wave in the region of — 1-34v 
can be attributed to a reactive group in the 3- 


Table 1. Half-wave potentials and maximum derived diffusion currents of various free ketosteroids 
and of their betainyl hydrazones 


90% ethanolic barbitone buffer, pH 8-5. 


Half-wave potentials 


Maximum derived 
diffusion current 





E, (v) height D (mm.) 
Concen- a” A * 
tration Free Betainyl Free Betainyl Reactive 
Ketone (ug./ml.) steroid hydrazone steroid hydrazone groups 
C,-ketosteroids 
38-Hydroxyandrost-5-en-17-one 116 o — 1-55 — 18 17-keto 
(Dehydroepiandrosterone) 
Androst-4-en-17 B-ol-3-one 116 — 1-49 — 1-34 14 18 4-en-3-keto 
(Testosterone) — 1-45 — 10 
C,,-ketosteroids 
Pregn-4-en-3:20-dione 170 — 1-45 — 1-34 18 25 4-en-4-keto 
(Progesterone) — 1-64 —- 25 20-keto 
38-Hydroxypregn-5-en-20-one 170 _— — 1-57 ~ 21 20-keto 
(Pregnenolone) 
38-Hydroxy-5a-pregnan-20-one 175 - 1-77 -1-51 25 36 20-keto 
118:21-Dihydroxypregn-4-en-3:20- 180 — 1-48 - 1-35 18 2 4-en-3-keto 
dione (Corticosterone) — 1-68 — 14 — 20-keto 
21-Hydroxypregn-4-en-3:11-20- 180 — 1-49 — 1-37 18 32 4-en-3-keto 
trione (11-dehydrocorticosterone) — 1-64 —1-70 14 25 20-keto 
17:21-Dihydroxypregn-4-en- 180 — 1-44 — 1-34 18 25 4-en-3-keto 
3:11:20-trione (Cortisone) — 1-65 — 18 ~- 20-keto 
118:17«:21-Trihydroxypregn-4- 180 — 1-50 — 1-42 20 25 4-en-4-keto 
en-3:20-dione (Hydrocortisone) 
C,,-ketosteroids 
Coprostan-3-one 194 _— — 1-34 — 34 3-keto 
Cholestan-3-one 194 -- — 1-44 — 25 3-keto 
Cholest-4-en-3-one 192 — 1-55 — 1-34 26 16 4-en-3-keto 
— 1-43 _— 4 — 
Cholesta-3:5-dien-7-one 190 — 1-24 -- 32 — 3:5-dien-7-keto 
Cholesta-4:6-dien-3-one 190 -1-18 -1-12 27 13 4:6-dien-3-keto 
38-Acetoxycholest-5-en-7-one Approx. — — 1-34 — 16 5-en-7-keto 
200 
With the free steroids the EH, values occur’ position. The second wave in testosterone at 


within a narrow range for the particular reactive 
group irrespective of the type of steroid molecule. 
Thus the 4-en-3-keto group gives values between 
—1-44v (cortisone) and —1-55v (cholest-4-en-3- 


one). The values for the two dienones are — 1-24 v 
(cholesta-3:5-dien-7-one) and 
4:6-dien-3-one). 


—1-18v_ (cholesta- 


Values for the 20-keto groups 


—1-45v and in cholest-4-en-3-one at — 1-43 Vv is 
probably due to the unsaturated bond in the 4:5- 
position, as this wave is absent in polarograms of 
betainyl hydrazones of saturated 3-ketosteroids 
and is much extended in the polarogram of cho- 
lesta-4:6-dien-3-one betainyl hydrazone. The only 
wave present in the polarogram of coprostan-3-one 
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betainyl hydrazone (— 1-34 v) is due to a reaction cortisone yielded a wave at — 1-65v for the 20-keto 
in the hydrazine radical. The introduction of one group, but that of hydrocortisone ran into the 
double bond (4-5) into the molecule to give large supporting electrolyte wave and did not form 
cholest-4-en-3-one betainyl hydrazone causes the a discrete peak. (See Wolfe et al. 1940; Morris & 
appearance of a double-peaked wave (—1-34 and Williams, 1953). 
—1-43v). The introduction of two double bonds Separation and estimation of coprostan-3-one and 
(4-5, 6-7) to give cholesta-4:6-dien-3-one betainyl cholestan-3-one. These C;-epimeric saturated C,,- 
hydrazone causes the appearance of a double-  ketosteroids have different values of H; when 
peaked wave (— 1-33 and —1-12v). When derived estimated separately as the betainyl hydrazones. 
polarograms of the free compounds are made, a_ In a mixture of the two the waves overlap and one 
single wave is obtained for each with the exception wave only appears. It was not found possible to 
of coprostan-3-one which does not react within the resolve the waves of the two compounds by a 
region 0 to —1-80v. The wave for cholest-4-en-3- change in pH or buffer composition or by reducing 
one (—1-55v) is 0-12v more negative than the the rate of voltage application. Preliminary 
second peak from the betainyl hydrazone at separation was therefore necessary. 
—1-43v, and that for cholesta-4:6-dien-3-one To separate a mixture the ketones were con- 
(—1-18 v) is 0-06 v more negative than the second _ verted into 2:4-DNPH derivatives, and pyruvic acid 
peak from the betainyl hydrazone at —1-12v.The was added to take up the excess of the reagent. 
above data suggest that the second peak in The solution of hydrazones was dried at reduced 
polarograms of the betainyl hydrazones and the pressure at the water pump at room temperature 
single wave in polarograms of the free ketosteroids and it was chromatographed on silica gel—Celite, 
mentioned above (coprostan-3-one excepted) arises using light petroleum (10): ethyl ether (1) as 
from a reaction at the unsaturated bond or bonds, eluent. The pyruvic acid 2:4-DNPH remains at the 
the position of the half-wave potential being in- top of the column but the ketosteroids separate well. 
fluenced by the group attached at position 3. The Coprostan-3-one 2:4-DNPH emerges first. The 
wave forms of different compounds are character- amounts of the two C,,-ketosteroid 2:4-DNPH 
istic. The double-peaked wave from the 3-keto-4- eluted from the column were estimated by weighing 
ene grouping as in polarograms of the betainyl on a microbalance after drying off at room temper- 
hydrazones of testosterone and cholest-4-en-3-one ature at the water pump. Polarography of the 
becomes a single-peaked wave in polarograms ofthe C,, 2:4-DNPH derivatives was attempted. This 
betainyl hydrazones of 3:20-diketo-4-ene com- was done in order to follow the elution of the 
pounds, the second peak being absorbed by the hydrazones and was carried out in a mixture of 
large 20-keto wave. water : ethanol : xylene (10:90:25 by vol.). This mix- 
All the ketosteroids containing a 20-keto group _ ture contained LiCl (0-1m) and 10N-HCl (1 %, v/v). 
yielded a discrete peak for this grouping either as The xylene was necessary for complete solution 
the free steroid or as the betainyl hydrazone. These of the hydrazones. E; values for the second peak 
included the 17:21-dihydroxy-20-ketosteroids, in the derived polarogram were: coprostan-3-one 
cortisone and hydrocortisone (both as the betainyl 2:4-DNPH, —0-47v; cholestan-3-one 2:4-DNPH, 
hydrazones). The derived diffusion current from —0-62v. The polarograms were well defined, and 
these two ketosteroids produced by the 20-keto it was found possible to obtain separate waves, 
group does not rise so steeply as for other 20-keto- | when both hydrazones were present in a mixture. 
steroids and will merge into the wave due to excess Ketonic bile acids and their esters. Pure samples 
of Girard T reagent, if the concentration of this is of esters of ketonic bile acids yielded the results 
more than about 0-05 mg./ml. The free ketosteroid presented in Table 2. When the same experimental 


Table 2. Half-wave potentials and maximum derived diffusion current heights of some ketonic bile acids 
90% ethanol with LiCl 0-1Mm, and the betainyl hydrazones of their methyl or ethyl esters in 90% ethanolic buffer, 
9H 8-5. 
, , Maximum derived 
Half-wave potentials diffusion current 





E;, (v) D (mm.) 
A c A 
Concen- Betainy] Betainyl 
tration Free hydrazone Free hydra- Reactive 
Ketonic bile acid or ester (ug./ml.) acid of ester acid zone groups 

Ethyl 7:12-dihydroxy-3-oxocholanate 20 — — 1-34 — 16 3-keto 
12-Hydroxy-3:7-dioxocholanic acid 40 — 1-33 No wave 36 _ Carboxyl 
7-Hydroxy-3:12-dioxocholanic acid 40 — 1-44 No wave 36 _— Carboxyl 
Methyl 7:12-diacetoxy-3-oxocholanate 1000 oe — 1-50 — 25 3-keto 
Methyl 12-hydroxy-7:11-diacetoxy-3-oxocholanate 1000 — — 1-32 — 18 3-keto 
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conditions were used as for the betainyl hydrazones 
of the non-carboxylated ketosteroids, the 3-keto 
group only was manifest, but it failed to give a 
wave when other groups were present. Thus, the 
introduction of a 7- or 12-keto group instead of an 
hydroxy group or groups suppressed the 3-keto 
wave. Polarography of the free ketonic bile acids 
in 90% ethanolic solution containing LiCl (0-1™) 
yielded E; values which varied with the nature of 
the attached groups. 


Experiments using biological materials 


Simple mixtures of ketosteroids may be deter- 
mined polarographically, but in a complex lipid 
extract chromatography of the free steroids or of 
their 2:4-DNPH derivatives is necessary to separate 
and estimate the components. The method 
described has been used to determine the keto- 
steroid content of faecal unsaponifiable matter 
(UM) of rats and of humans fed diets low and high 
in cholesterol (see Riddell & Cook, 1955; Cook, 
Edwards & Riddell, 1956). Some experiments 
have been made on the ketones present in lipid 
extracts from atheromatous human arteries. The 
following illustrative examples are given. 
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Fig. 6. Polarograms of cholestan-3-one 2:4-DNPH using 
the derivative technique. (A, pure substance, 125 yg./ 
ml.; B, sample from rat faeces.) 


Rat faecal ketones 


A fraction (0-94 g.) giving a strong Zimmermann test, 
from the chromatography on alumina of the faecal UM of 
rats fed a diet rich in cholesterol, was treated with Girard’s 
reagent and yielded ketones (0-08 g.) and non-ketones 
(0-82 g.). 

Ketonic fraction. A sample of the ketones (3-3 mg.) was 
dissolved in the ethanolic buffer solution (2-0 ml.) and 
polarographed as the free ketosteroids. A wave character- 
istic of cholest-4-en-3-one was obtained, equivalent to 
0-095 mg./ml. This gave a value of 0-5 % cholest-4-en-3-one 
in the original fraction, or 4-75 mg. in 0-94g. After 


treatment with Girard T reagent a large coprostan-3-one 
wave developed (equivalent to 5-5 mg./ml. or 67 mg. in 
0-94 g. of ketonic material). 
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In order to make an estimation of cholestan-3-one and 
coprostan-3-one the remainder of the ketonic fraction 
(78-7 mg.) was treated with 2:4-dinitrophenylhydrazine 
and the hydrazones were chromatographed on alumina 
when five bands developed. The light petroleum-soluble 
fraction which formed the greater part was rechromato- 
graphed on silica gel-Celite with benzene when two fractions 
were obtained. The first fraction (37 mg., corresponding to 
15 mg. of free ketosteroid) was examined by polarography 
(concentration approx. 200 yg./ml. in the cell) and gave the 
polarogram marked B in Fig. 6. Pure cholestan-3-one 
2:4-DNPH (125yg./ml.) gave the polarogram A in this 
figure. 

The second fraction weighed 117 mg. (=77 mg. of free 
ketosteroid) and a concentration of approximately 300 yg./ 
ml. in the polarographic cell gave the polarogram marked B 
in Fig. 7. Polarogram A in this figure was yielded by a 
concentration of 125 yg./ml. of coprostan-3-one 2:4-DNPH. 
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Fig. 7. Polarograms of coprostan-3-one 2:4-DNPH using 
the derivative technique. (A, pure substance, 125 yg./ 
ml.; B, sample from rat faeces.) 


When polarographed without pre-treatment with Girard 
T reagent, the non-ketonic fraction yielded the wave 
corresponding to cholesta-3:5-dien-7-one (l-4mg. in 
0-94 g. of ketonic material). 


Ketosteroids in atheromatous arteries 


An atheromatous human artery which had been freshly 
fixed in formalin as soon as possible after death, was kindly 
supplied by Professor A. C. Lendrum of the Pathology 
Department, Queen’s College, Dundee. 

A sample (50 g.) was washed with water, dried in a 
vacuum desiccator over CaCl,, extracted with ether and 
ethanol and yielded extract (1-46 g.). A sample of the 
extract (1-08 g.) was chromatographed on silica gel giving 
the following fractions: light petroleum (187 mg.), benzene 
(264 mg.), ether (279 mg.) and ethanol (137 mg.). The 
fractions were saponified and the unsaponifiable matter 
was recovered. The amounts were: light petroleum fraction 
(73 mg.), benzene (134 mg.), ether (195 mg.), ethanol 
(70 mg.). The benzene fraction gave a polarogram charac- 
teristic of cholesta-3:5-dien-7-one (approx. 200,yg./ml.; 
equivalent to 3% of the UM). The ether fraction gave a 
polarogram of cholesta-4:6-dien-3-one (~ 30 yg./ml.). 
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The presence of the dienone cholesta-3:5-dien-7-one in 
atheromatous arteries has been reported by Hardegger, 
Ruzicka & Tagmann (1943) and by Kantiengar & Morton 
(1955). 


DISCUSSION 


The value of polarography in the examination of 
ketosteroid material from biological sources has 
been well established by Morris & Williams (1953). 
In their work on the corticosteroid constituents of 
peripheral human blood these two workers used 
direct polarography in conjunction with partition 
chromatography. It was not found possible, in the 
course of the work described in this paper, to find 
an effective partition system for the separation of 
the C,,-ketosteroids. The resolving power of the 
polarograph was increased as far as possible by the 
use of a derivative unit and reduction of the rate of 
applied voltage. 

When derivative polarography was used in 
place of the classical or direct method, it was 
found that a clearer indication was given of the 
position and number of the carbonyl groups in 
ketosteroids. The position of the half-wave 
potential was clearly defined and the magnitude of 
the derived diffusion current maximum was much 
easier to determine. It was found that two or more 
waves of large magnitude could be recorded on the 
same paper at a high sensitivity setting without 
loss of continuity. This is not possible with the 
conventional stepped wave, as two or more 
successive waves will mount up out of the upward 
limit of the record and the polarogram must be 
divided. Mixtures giving badly defined direct 
polarograms appearing as an undulating line will 
often yield clear peaks and derived diffusion 
currents on derivative polarography. 

Compared with conventional methods there is 
some loss in sensitivity when the derivative 
method employing a large capacity electrolytic 
condenser is used. A loss of sensitivity is inherent 
in the method since a derived wave has a magnitude 
less than half that of its underived equivalent. 
With the Tinsley instrument this loss of sensitivity 
was 80% but it was never found necessary to use 
the highest-sensitivity setting (0-24) for keto- 
steroid estimations. 

The saturated ketones cholestan-3-one and 
coprostan-3-one yield satisfactory waves only as 
the betainyl hydrazones within narrow limits of 
pH and require an organic solvent in the buffer 
solution. The choice of a buffer for general use was 
determined by these considerations. 

A method for the examination of ketosteroids in 
biological material could be based on the chromato- 
graphy of their 2:4-DNPH derivatives and sub- 
sequent polarography of the fractions. 2:4-Di- 


nitrophenylhydrazine is a more sensitive reagent 
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than Girard T and the hydrazones are more easily 
prepared and separated. The application of heat is 
unnecessary. 2:4-DNPH derivatives are some- 
times obtained from lipid extracts which have 
yielded no polarographic wave for betainyl hydra- 
zones. The labile betainyl hydrazones of coprostan- 
3-one and cholestan-3-one cannot be chromato- 
graphed without decomposition, but the 2:4-DNPH 
derivatives form visible, sharp bands on alumina 
and particularly on silica gel. Paper partition 
chromatography can also be applied. 

Disadvantages of polarography of 2:4-DNPH 
lie in the decreased sensitivity of the estimations 
possible as compared with the betainyl hydra- 
zones. Using a derivative method as described, the 
threshold concentration is in the region of 100 yg./ 
ml. in terms of free ketosteroid. The wave form is 
complicated ; three peaks appear on the polarogram 
and only one is useful for examination. 

When 90% aqueous dioxan with LiCl (0-1M) is 
used for the polarography of coprostan-3-one and 
cholestan-3-one 2:4-DNPH, the wave useful for 
estimations is increased in magnitude, while the 
others decrease. A complexing reagent is required 
for the chromatographic separation of ketosteroids 
of low polarity which would form compounds more 
stable than the betainyl hydrazones, while still 
possessing their excellent polarographic character- 
istics. 

It was found that the 20-keto group in C,,- 
ketosteroids showed up well under the working 
conditions chosen, though a lower pH value than 
8-5 is recommended. 


SUMMARY 


1. A standard type of recording polarograph 
has been modified and improved polarograms were 
obtained. 

2. A buffer with an ethanol content of 90% 
(v/v) has been found to facilitate polarography of 
C9-, Cy,- and C,,-ketosteroids in the free state and 
as the betainyl hydrazones (Table 1). Some ketonic 
bile acids were also investigated (Table 2). 

3. A method for the examination of C,,- 
ketosteroids in biological material has been 
developed. 

4. The separation of cholestan-3-one and copro- 
stan-3-one as 2:4-dinitrophenylhydrazones is de- 
scribed. 
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The Nature of the Protein in the Hyaluronic Complex 
of Bovine Synovial Fluid 


By C. C. CURTAIN* 
Department of Biochemistry, University of Oxford 


(Received 31 May 1955) 


Ogston & Stanier (1950, 1951, 1952) found that the 
hyaluronic acid of ox synovial fluid is always 
combined with 25-30% of protein when it is 
isolated by ultrafiltration under such conditions 
that its physicochemical properties are unchanged. 
Approximately the same amount of protein 
accompanies hyaluronic acid migrating by electro- 
phoresis, sedimentation or diffusion. The protein 
complex is considered to be the form in which the 
hyaluronic acid occurs in the native fluid, since 
removal of the protein leads to changes in physico- 
chemical properties of the material. Relatively 
little is known of the origin or composition of the 
protein, although Humphrey & Stanier (unpub- 
lished) found that the hyaluronic acid complex 
gave antisera in the rabbit which cross-reacted 
with some of the components of ox blood serum. 
Since, apart from its hyaluronic acid content, 
synovial fluid has the composition of a plasma 
exudate, similar to lymph and ascitic fluid (Hessel- 
vik, 1940), it appears that at least some of the 
proteins in the hyaluronic acid complex could be 
derived from the free proteins of the synovial fluid. 
It was considered desirable to confirm this con- 
clusion by isolation and characterization of the 
protein and this is described in this paper. 


MATERIALS AND METHODS 


Ox synovial fluid. This wes collected and stored according 
to the methods of Ogston & Stanier (1950). 

Hyaluronic acid complex. This was prepared as an ultra- 
filter residue using a sintered-glass ‘5 on 3’ filter, average 


* Present address: The Baker Medical Research 
Institute, The Alfred Hospital, Melbourne, Australia. 


pore diameter ly. (Ogston & Stanier, 1952). The residue 
was taken up in phosphate buffer (pH 7-0, J =0-1) and the 
small amount of insoluble material was removed by centri- 
fuging at 15 000 g for 20 min. Where studies were made on 
the ultrafiltrate this included the initial filtrate and the 
first five washings, concentrated by freeze-drying, if 
necessary. 

Buffers. The following buffers were used, diluted to the 
desired concentrations: 


pH5-8 0-53mM-KH,PO,, 0-056m-KOH 

pH7-:0 0-50mM-KH,PO,, 0-177m-KOH 

pH8-0 0-50mM-KH,PO,, 0-47mM-KOH 

pH 10-0 0-62m glycine, 0-62m-KCl, 0-38m-KOH. 


Physiological saline. This was 0-155M-NaCl. All solutions 
were saturated with chloroform as an antiseptic precaution. 

Hyaluronidase. Benger hyaluronidase (Hyalase) was 
used. This preparation has been found to be free from pro- 
teolytic activity (Ogston & Stanier, 1952). Immunological 
analysis showed that it contained 0-8 mg. of substances 
reacting with antialbumin per mg. of N. 

Ox serum fractions. These were prepared by an extension 
of the low-temperature ethanol precipitation method used 
by Hess & Deutsch (1948) to isolate y-globulin from ox 
serum. The techniques of fractionation followed those 
established by Cohn (Edsall, 1947). Details of the fraction- 
ation are given in Fig. 1. Where no exact temperature is 
marked the value is in the range 0-1°. pH values were 
adjusted with 0-05Nn acetic acid or 0-05m-Na,HPQ,. 
Ethanol-containing solutions were diluted 5 times with 
distilled water before their pH values were measured with 
the glass electrode. Each precipitate was washed twice with 
500 ml. of fluid having the same pH and salt and alcohol 
concentration as its supernatant. All the fractions were 
dissolved in and dialysed against physiological saline and 
were stored as frozen 3% stock solutions. After one cycle 
of freezing and thawing it was found that some lipid 
material separated from F3. This was discarded. The 
fractions, with the exception of F5, gave single peaks on 
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1000 ml. of serum +3000 ml. of water 


0° 


2310 ml. 50% (v/v) 
aqueous ethanol 





Precipitate 
Add 5520 ml. of water 
+120 ml. 0-05 


Supernatant 


+100 ml. 0-05N acetic acid 








acetic acid (pH =5-2) 
+ 360 ml. 0-15m- 
NaCl (pH =4-95) 
Precipitate Supernatant 
+ 1000 ml. +25 ml. 0-05m- 
0-15m-NaCl Na,HPO, 
(F 1) Precipitate Supernatant 
+350 ml. -3° 1000 ml. - 5° pH 5-8 
0-2mM-Na,HPO, pH 5-6 50% ethanol 
+ 5550 ml. 
—2° +6000 ml. Precipitate 50% ethanol 
50% ethanol + 1000 ml. 
0-02m-NaCl 
Precipitate (F 2) | 
a Supernatant Precipitate (F5) 
+3000 ml. of water —5° pH 4:8 
+4000 ml. 


Supernatant 
neutralized with 


50% ethanol 


Precipitate (F 6) 
Precipitate (F3) 


0-05m-Na,HPO, and 


concentrated by 
freeze-drying to 
100 ml. (F 4) 


Fig. 1. Low-temperature ethanol—water fractionation of bovine serum. 


Table 1. Mobilities of the ox serum fractions and their relationship to the electrophoretic components 
of unfractionated serum 


pH 7-7, J =0-2, phosphate. 


Fraction Appearance on Mobility x 10-* 
no. electrophoresis (cm.? sec.—y—1) 

1 Single peak 2-57 

2 Broad, single peak 0-95 

3 Single peak 3-52 

4 Single peak 3°31 

5 Two peaks (1) 75% 1-98 

(2) 25% 2-47 

6 Single peak 4-91 

electrophoresis in pH 7-7, J=0-2, phosphate buffer. 


Fraction 5 contained 25% of a slow and 75% of a fast 
component. The mobilities of the fractions and their re- 
lation to the electrophoretic components of unfractionated 
serum are given in Table 1. 

It must be emphasized that this fractionation was not 
undertaken to obtain highly purified protein fractions as 
such, but in order to obtain reproducible and antigenically 
distinct fractions which could be used to prepare antibody 
for immunological analysis, following the principles of 
Kendall (1938). 

Antisera. These were prepared by intravenous injection 
of the ox serum fractions into rabbits. Two injections, each 
containing 100 mg. of material, were given into an ear vein 


44 


Relation to electrophoretic 
components 


B-Globulin 
y-Globulin 
«-Globulin 
«-Globulin 
B-Globulin albumin 


Remarks 


Acid-insoluble 

y, and y, unresolved 
Acid-insoluble 
Acid-soluble 
Acid-soluble 





at an interval of 6 days and the rabbits were bled through 
the heart 12 days after the second injection. The anti- 
bodies were purified and concentrated by the low-temper- 
ature ethanol precipitation method of Nichol & Deutsch 
(1948). Agar diffusion tests showed that all of the fractions 
were immunologically heterogeneous, each giving at least 
four rings. The results of precipitin tests for cross-reaction 
are given in Table 2. 

It can be seen that there is significant cross-reaction 
between the antibodies to fractions 5 and 1 and 3 and 1. 
The cross-reacting components were removed by incu- 
bating the antibodies with a slight excess of the appro- 
priate antigen at 37° for 60 min. The precipitates were 
removed by centrifuging at 2800 g for 10 min. 
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Table 2. Immunological cross-reaction between 
the different fractions of ox serum 
Rabbit antiserum and approximately 0-1% solution of 
each antigen was used. The values are dilutions of antiserum 
which give a just-visible precipitate. 


Antiserum 
— OT 
Antigen Fl F2 F3 F4 F5 F6 
Fl 320 2 32 2 32 2 
F2 2 280 8 2 10 2 
F3 64 16 300 4 16 2 
F4 16 2 8 160 8 2 
F5 64 “¥ 16 16 240 16 
F6 8 2 2 2 2 320 


Precipitin test. The ring test was used (Medical Research 
Council, 1931) with antiserum in constant dilution in the 
lower layer and falling dilutions of antigen forming the 
superficial layer. Readings were made in 100 min., after 
which no increase in titre was obtained. 

Agar-diffusion test. The immunological heterogeneity of 
the antigen was examined by the Oudin (1949) agar-gel- 
diffusion technique. 

Quantitative immunological analysis. This followed, in 
general, the procedures given by Kabat & Mayer (1948). 
Each antibody was calibrated by forming its specific pre- 
cipitate on incubating a slight excess of the antibody for 
60 min. at 37° with a series of antigen solutions of known 
concentration. The precipitates were centrifuged at 
2800 g for 10 min. and washed twice with cold physiological 
saline. The N content of the washed precipitates was 
determined by the micro-Kjeldahl method and a calibration 
curve was constructed giving the concentration of the 
antigen against the N content of its specific precipitate. The 
concentration of a given fraction in a particular sample of 
protein was determined by preparing the specific precipitate 
under the same conditions as were used for the calibration 
(always ensuring that an excess of antibody remained after 
the precipitation) and comparing its N content with that of 
the standard curve. 

Nitrogen determination. This was carried out by the 
micro-Kjeldahl method, using a selenium catalyst and 8 hr. 
digestion. A Markham (1942) apparatus was used for the 
distillation. 

Glucosamine. This was estimated according to the 
method of Johnston, Ogston & Stanier (1951). 

Ultraviolet absorption. This was measured in a Hilger 
Uvispek spectrophotometer. 

Viscosity. This was measured using the Couette viscosi- 
meter described by Ogston & Stanier (1953a). 

Electrophoresis. This was carried out in a Tiselius (1948) 
apparatus with Philpot-Svennson optics. The following 
buffer was used: Na,HPO, (0-003m), KH,PO, (0-00034m), 
NaCl (0-18m). (pH =7-7, J =0-2). 

Refractive increment. This was measured in the refracto- 
meter described by. Cecil & Ogston (1951). Protein re- 
fractive increments were taken to be 0-00182 for a 1% 
solution and hyaluronic acid 0-00144. 


RESULTS 
Separation of the protein from the ultrafilter residue 


Attempts at separation using a synthetic resin. 
Attempts were made to separate the protein by 
adsorption of the hyaluronic acid complex on 
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columns of the cationic resin, Dowex 2, which was 
used in the bicarbonate form. Although it was 
hoped that the positively charged resin would 
displace the protein from the hyaluronic acid, it 
was found that the whole complex was adsorbed. 
Low yields of the protein (never more than 50%) 
could be eluted from the column with either 0-1m- 
NaCl or 20 % ethanol. In the latter case the ethanol 
solution and the column were chilled to — 5°. Since 
there was no guarantee that the low yield would 
give a representative sample of the protein in the 
complex these experiments were discontinued. 

Separation of the protein after hyaluronidase 
treatment. Since the resin experiments indicated 
that at least some of the protein was bound firmly 
to the hyaluronic acid, the effect of depolymeriza- 
tion of the latter by hyaluronidase was investi- 
gated. The ultrafilter residue was dissolved in 
phosphate (pH 7, J=0-1) to give a 0-25 % solution. 
This was incubated for 16 hr. at 37° with a minimal 
amount of Benger Hyalase (hyalase N = 0-0008 mg./ 
ml. in the final solution). After dialysis against 
distilled water the glucosamine content of the 
treated material fell from 33 to 27% of the dry 
weight, indicating that some of the hyaluronic acid 
had been broken down to a diffusible size. Electro- 
phoresis in phosphate buffer, pH 7-7, J = 0-2, showed 
the presence of two major components (Fig. 2a), 
one with a mobility of 9-1 x 10-> em.? sec.-! v1 
[corresponding to the values obtained for hyaluro- 
nic acid by Hesselvik (1940)] and the other with 
a mobility of 3-48 x 10-5 cm.” sec.-! v-!. The pro- 
portions of protein and hyaluronic acid, 38 and 
62 % respectively, calculated from the areas of the 
peaks correspond closely with those obtained from 
chemical determination, indicating that the hyal- 
uronidase treatment had dissociated all of the 
protein from the hyaluronic acid. Attempts were 
made to remove the degraded hyaluronic acid by 
adsorption on Dowex 2 resin, but more than 60% 
of the protein, as measured by ultraviolet ab- 
sorption, was lost by this treatment. 

Serum albumin as a precipitating agent for the 
degraded hyaluronic acid. Ogston & Stanier (1950) 
and Blix (1940) have shown that serum albumin 
preferentially forms mucin with hyaluronic acid, 
even in the presence of other proteins. It has also 
been shown (Ogston & Stanier, 19536) that the 
quantitative recovery of hyaluronic acid in mucin is 
not affected by its prior degradation with hyaluroni- 
dase. In the present work, however, it was found 
impossible to precipitate all of the degraded 
hyaluronic acid without introducing an excess of 
albumin into the solution, in some instances as 
much as 20 % of the total protein. It was decided, 
therefore, to use ox serum albumin made insoluble 
by coupling with azobenzylcellulose, according to 
the method of Campbell, Luescher & Lerman (1951). 
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Table 3. Isolation of protein from the ultrafilter residue and analytical data 


Unless otherwise indicated, values are given in mg./ml. 


Vol. 61 
Ultrafilter residue 
Dry weight 
Glucosamine (Elson—Morgan) 
Protein (total N — glucosamine N) x 6-45 
Protein content (% of dry weight) 
Isolated protein 
Dry weight 
Glucosamine (Elson-Morgan) 
Protein (total N - glucosamine N) x 6-45 
Ash 
Recovery of protein (%) 
a 
b 
c 
d 


Fig. 2. Electrophoresis diagrams. Right, ascending bound- 
ary migrating from left to right. Left, descending 
boundary migrating from right to left. a: hyaluronidase- 
treated ultrafilter residue. pH 7-7, J =0-2, phosphate 
buffer. 4800 sec. at 3-25v cm.-1. 5b: protein isolated 
from the ultrafilter residue. pH 7-7, 1=0-2, phosphate 


buffer. 8800 sec. at 3-30v cm.-!. c: ultrafiltrate from 
preparation 6. pH7-7, 1=0-2, phosphate _ buffer. 
10 400 sec. at 3-28v cm.-1. d: hyaluronic acid-free 
synovial fluid. pH7-7, J=0-2, phosphate buffer. 


6500 sec. at 3-25 v em.—}. 
The material prepared contained approximately 
15 mg. of albumin per g. of azobenzylcellulose, and 
it was found that this bound approximately 5 mg. 
of hyaluronic acid at pH 5-5, J=0-1. 

Final method of separating the protein. This was 
carried out as follows: the ultrafilter residue from 


Sample no. 





A— ~ 
4 6 7 12 
1-92 1-55 1-68 1-47 
0-421 0-384 0-429 0-368 
0-53 0-41 0-49 0-38 
28 26 29-5 26 
0-61 0-47 0-58 0-43 
0-011 0-013 0-013 0-0082 
0-49 0-40 0-46 0-37 
0-06 0-04 0-08 0-04 
92-6 97-5 93-9 97-4 


100 ml. of synovial fluid was dissolved in 200 ml. 
of phosphate (pH 7-0, J=0-1), 0-1 ml. of Hyalase 
solution (containing 0-8 mg. N/ml.) was added, and 
the mixture was incubated at 37° for 16 hr. The 
incubated solution was dialysed for 24 hr. against 
two changes of excess of 0-Im-NaCl. A slight 
precipitate was removed by centrifuging for 
20 min. at 2500 g and the supernatant was mixed 
with 50g. of the cellulose-albumin, stirred vigor- 
ously and acidified to pH 5-5 with 10 % acetic acid. 
The adsorbent was removed by centrifuging, and 
after dialysis against distilled water the glucos- 
amine, nitrogen, ash and dry weight of the super- 
natant were determined. In Table 3 are given the 
figures for the treatment of the different batches of 
the ultrafilter residue. 

It can be seen that this method leads to the 
recovery of nearly all the protein present in the 
complex. A precipitin test showed no trace of 
albumin in this protein. The protein solution was 
concentrated by freeze-drying and examined by 
electrophoresis in phosphate (pH7-7, I=0-2) 
(Fig. 2b). The major component was found to give 
a pattern and mobility, 3-44 x 10-5 cm.? sec.-! v—}, 
similar to that of the slow component in Fig. 2a. 
The mobility is close to that of serum «-globulin 
(Svennson, 1946). 


Relation of the isolated protein to the various serum 
fractions and the free proteins of the synovial fluid 


Immunological analysis of the isolated protein. 
The isolated protein reacted in the precipitin 
test with the antibodies to y-globulin, acid- 
insoluble «-globulin, and both £-globulins, but not to 
anti-albumin or acid-soluble «-globulin. The results 
of quantitative immunological analysis are given in 
Table 4. 

These results show that the hyaluronic acid 
complex contains a large proportion of acid- 
insoluble «-globulin. This was confirmed when it 
was found that 75%, as measured by ultraviolet 


44-2 





absorption, of the protein was precipitated by 
dilution with distilled water and acidification with 
10 % acetic acid to pH 5-2. It must be noted, also, 
that 96 % of the protein can be accounted for in the 
fractions which react with the antisera, suggesting 
that all of the isolated protein is identical anti- 
genically with the fractions present in bovine serum. 


Table 4. Quantitative immunological analysis of 
two samples of protein isolated from the ultrafilter 


residue 
Values given as mg./ml. 





Antigen 
c “ , Sample Sample 
Fraction no. Nature of component “_ _ 
1 B-Globulin (acid-insol.) 0-75 0-63 
2 y-Globulin 0-16 0-31 
3 «-Globulin (acid-insol.) 3-39 3-27 
+ a-Globulin (acid-sol.) 0-03 0-04 
5 B-Globulin (acid-sol.) 0-19 0-23 
6 Albumin 0-02 0-05 
Total material reacting with antibody 4-54 4-53 
Dry weight of material in each 4-73 4-81 
sample 
Table 5. Composition as determined by electro- 


phoresis of ultrafiltrates from three different pre- 
parations of the hyaluronic acid—protein complex 


The values given are percentages of total proteins. 


Sample no. 


Component 4 6 12 
Albumin 64 66 65 
a-Globulin 4 5 4 
B-Globulin 14 12 16 
y-Globulin 18 17 15 


Electrophoresis of the ultrafiltrates. The ultra- 
filtrates from three preparations (nos. 4, 6 and 12) 
were submitted to electrophoresis in phosphate 
buffer, pH 7-7, [=0-2. All three gave a ‘serum 
type’ pattern. The proportions of the components 
are given in Table 5. The electrophoresis pattern of 
preparation 6 is given in Fig. 2c. The ultrafiltrates 
contain a very high proportion of albumin, agreeing 
with the results obtained by Hesselvik (1940) and 
Ogston & Stanier (1951) for horse, human and ox 
synovial fluids. 

Electrophoresis of hyaluronic acid-free synovial 
fluid. It was found possible to remove nearly all 
the hyaluronic acid from synovial fluid by treating 
it with hyaluronidase and adsorbing the degraded 
hyaluronic acid on cellulose-coupled albumin as 
described previously. Electrophoresis was carried 
out in phosphate buffer, pH 7-7, J=0-2, on three 
samples of synovial fluid treated in this manner. 
The proportions of components and the protein and 
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glucosamine contents of each sample are given in 


Table 6. The electrophoretic pattern of sample 12 is 
given in Fig. 2d. 





Table6. Electrophoretic, immunological and chemical 
analysis of hyaluronic acid-free synovial fluids 


The results of the electrophoretic analysis are given in 
terms of percentage composition; all other values are in 
mg./ml. 


Sample no. 
ee oF 
t 6 12 
Electrophoretic analysis 
Albumin 60 59 62 
a-Globulin 10 11 9 
B-Globulin 12 13 14 
y-Globulin 18 17 15 
Immunological analysis 
Acid-insoluble £-globulin 1-03 0-87 0-89 
y-Globulin 1-69 1-54 1-59 
Acid-insoluble «-globulin 0-61 0-73 0-69 
Acid-soluble «-globulin 0-22 0-18 0-19 
Acid-soluble 8-globulin 0-17 0-21 0-16 
Albumin 4-31 4-49 4-22 
Total material reacting with 8-03 8-02 7-74 
antibody 


Dry weight of non-dialysable 8-51 8-62 8-21 


material in each sample 
Chemical analysis 


Glucosamine (Elson—Morgan) 0-13 0-2 

Protein (total N-glucosamine 8-33 8-2 
N) x 6-45 

Ash 0-04 0 


Immunological analysis showed that 98 % of the 
protein could be accounted for in the precipitates 
to the antibodies to the six serum fractions. As 
expected, the difference between the concentra- 
tions, as determined electrophoretically, of the 
various components of the ultrafiltrate and the 
hyaluronic acid-free synovial fluid corresponded 
closely with the composition of the protein of the 
ultrafilter residue. 


Effect of variations in the method of preparation 
on the composition of the ultrafilter residue 


Although the composition of the protein isolated 
from different samples of ultrafilter residue was 
fairly constant, the question was raised whether 
the composition could be varied by factors such as 
changes in the pH and ionic strength of filtration 
and washing. The method of Ogston & Stanier 
involves the use of distilled water and unbuffered 
salt solutions as washing fluids. To investigate the 
effect of pH and ionic strength, 60 ml. lots of 
synovial fluid were dialysed against the following: 
(a) phosphate buffers; pH 5-8, J=0-1; pH 7-0, 
I=0-1; pH 7-0, 1=0-5; pH 7-0, [=1-0; pH 8-0, 
I=0-1, and (b) glycine. buffer, pH 10-0, J=0-1. 
The samples were then submitted to ultrafiltra- 








aa we 


wee vw WwW 





Vol. 61 


tion and each residue was washed 20 times with 
the appropriate buffer solution. Care was taken 
to ensure that all the ultrafilter residue was 
redissolved at each washing. In an attempt to 
reproduce ‘physiological conditions’ a sample of 
synovial fluid was dialysed against, and filtered in the 
presence of, the following solution: NaCl, 0-103m; 
K,SO,, 0-0056m; CaCl,, 0-0056m; NaH,PO,, 
0-002M; sodium lactate, 0-0055m; MgCl,, 0-0018m; 
NaHCO,, 0-027m. The pH of solution was 7-4. 
These are similar to those given by Bauer, Ropes & 
Waine (1940) for the values of pH and electrolyte 
composition of ox synovial fluid. It was found that 
the solution maintained its pH satisfactorily if 
kept cold in a stoppered Pyrex bottle. In order to 
prevent the pH from rising, owing to diffusion of 
CO, from the mixture into the vacuum under the 
filter, the filtration flask was filled with CO, and 
evacuated to a pressure of 20mm. Hg at 0°; this is 
equal to the pressure of the free CO, in the mixture 
and the vapour pressure of water at 0°. Frequent 
pH measurements made on the ultrafiltrate showed 
that the pH remained within the range of pH 7-3— 
7°5. 


PROTEIN IN HYALURONIC ACID COMPLEX 693 


decreases, indicating a rough correlation between 
the isoelectric point of the protein bound and the 
pH of filtration. At neutrality increasing J leads 
to the binding of larger amounts of protein, 
including some albumin, which is not otherwise 
bound. The material prepared under ‘physiological 
conditions’ is not very different from that pre- 
pared at pH 7-0, J=0-1, and both contain approx. 
75% a-globulin; but it differs from that prepared 
by the method of Ogston & Stanier (1952). The 
latter contains 82% «-globulin and is closer in 
composition to the sample prepared at pH 5-8, 
F=@H. 

Maximum amount of protein bound under various 
conditions. Since synovial fluid contains only a 
relatively limited concentration of each protein 
fraction it is possible that the amount of a 
given protein bound under a particular set of con- 
ditions would not necessarily be the maximum 
amount which could be bound, if a greater concen- 
tration of the protein were present in the fluid. 
Electrophoresis of the ultrafiltrate from the pH 8-0 
preparation showed that this contained no y- 
globulin, in contrast to ultrafiltrates prepared at 


Table 7. Protein content of the ultrafilter residue prepared under different conditions of pH and 
ionic strength and the electrophoretic composition of the isolated proteins 


General conditions of preparation 
A 





CZ Y 
Ogston & pH 5-8 pH70 pH70 pH70 pH80 pH10-0 
Stanier ‘Physiological’ J=0-1 [=0-1 I=05 I=1-0 I=0-1 I[=0-1 
Dry weight (mg./ml.) 1-30 1-48 1-50 1-46 1-37 1-21 1-22 1-44 
Protein (mg./ml.)* 0-36 0-40 0-41 0-38 0-43 0-53 0-23 0-19 
Protein (% of dry 27 28 27 26 32 44 22 13 
weight) 
Electrophoretic analysis of 
isolated protein (%): 
y-Globulin 2 6 2 ll ll 5 65 78 
B-Globulin 16 18 ll 15 16 14 30 22 
«-Globulin 82 76 87 74 70 60 5 0 
Albumin 0 0 0 0 3 21 0 0 


* Calculated from (total N — glucosamine N) x 6-45. 


The final ultrafilter residue from each prepara- 
tion was taken up in 60 ml. of phosphate buffer, 
pH 7-0, J=0-1, and treated with hyaluronidase and 
the hyaluronic acid was removed as described 
previously. The protein from each preparation was 
submitted to electrophoresis in phosphate buffer, 
pH 7-7, 1=0-1. The electrophoretic analysis of the 
isolated proteins is given in Table 7. The electro- 
phoretic analysis of the protein isolated from an 
ultrafilter residue prepared by the method of 
Ogston & Stanier (1952) is included for comparison. 

It can be seen that there is considerable varia- 
tion between the different preparations, in both the 
type and amount of protein bound. As the pH 
increases, less protein is bound and its mobility 


lower pH values. In order to see whether hyal- 
uronic acid would bind more y-globulin at pH 8-0, 
purified y-globulin was added to synovial fluid until 
this represented 30% of the protein present. The 
ultrafilter residue prepared from this at pH 8-0 
contained 28 % protein, 80 % of which reacted with 
the antibody to y-globulin; this is in contrast to the 
normal pH 8-0 preparation which contains 22% 
protein, 65 % of which is y-globulin. Attempts were 
made to duplicate this phenomenon at pH 5-8 and 
7-0 by dissolving ultrafilter residue prepared by the 
method of Ogston & Stanier (1952) in undiluted ox 
serum and refiltering and washing in the presence 
of the appropriate buffers. The ultrafilter residues 
did not differ significantly in either protein content 
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or composition, as determined by electrophoresis of 
the isolated protein, from the normal residues 
prepared at pH 5-8 and 7-0. This experiment was 
repeated using a 5 % solution of albumin instead of 
undiluted serum. Electrophoresis and a precipitin 
test carried out on the isolated protein showed that 
no albumin was bound at either pH 5-8 or 7-0. 


Measurement of the anomalous viscosity of ultrafilter 
residues prepared under varying conditions 


Because of the effect of varying pH and ionic 
strength on the protein content it was considered of 
interest to study the effect of these different condi- 
tions of preparation on the physicochemical pro- 
perties of the complex. For this study the changes 
in anomalous viscosity investigated by Ogston & 
Stanier were used. Ogston & Stanier (1951) showed 
that the difference, A, between the respective 
values of log (,..—1)/¢ (where 7, is the relative 
viscosity and ¢ the hydrodynamic volume fraction 
occupied by the solute) extrapolated to zero and 
infinite velocity gradient at a given value of ¢ 
provides a sensitive test for hyaluronic acid 
degradation. The less the difference between the 
two values, the more degraded is the sample. In 
Table 8 are given some values of A for synovial 
fluid dialysed against the pH 5-8, 7-0, 8-0 and 10-0 
buffers, for ultrafilter residue prepared in the 
presence of these buffers and then dissolved in 
phosphate buffer, pH 7-0, J=0-1, and for ultra- 
filter residue prepared at pH 7-0, J=0-1, and then 
dissolved in undiluted ox serum. 


Table 8. Values of log (n,.,—1)/¢ for synovial fluid 
and ultrafilter residue prepared and dialysed under 
different conditions 


The ultrafilter residue was prepared in the presence of 
buffers, the pH of which is given in the second column. 
The residues were then dissolved in phosphate pH 7-0, 
I=0-1 and dialysed against buffers, the pH of which is 
given in the second column. The synovial fluid specimens 
were directly dialysed against buffers. In the last experi- 
ment the residue was prepared in phosphate pH 7-0, J =0-1 
and dissolved in serum. J for all buffers was 0-1. Volume 
fraction ¢=4 x 10-4 ml./ml. 

Couette velocity 





gradient 
pH of , A—_—_—. 
Material buffer 0 co A 

Synovial fluid 5-8 4-68 4-03 0-65 
70 4-66 3-99 0-67 
8-0 4-66 4-05 0-61 
10-0 4-20 3-97 0-23 
Ultrafilter residue 5-8 4-58 3°96 0-62 
dissolved in buffer 7-0 4-75 4-06 0-69 
8-0 4-53 3-95 0-58 
10-0 4-25 3:97 0-28 
Ultrafilter residue — 4-63 3-96 0-67 


dissolved in serum 
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It can be seen that A remains remarkably con- 
stant for all the products, except that prepared at 
pH 10 which shows signs of degradation, both as 
dialysed synovial fluid and as ultrafilter residue. In 
order to see whether the degradation was irre- 
versible, some of the pH 10 ultrafilter residue was 
dissolved in its own ultrafiltrate which had been 
neutralized by dialysis against phosphate buffer, 
pH 7:0, J=0-1. The solution was filtered and the 
ultrafilter residue washed in the usual manner 
with the buffer of pH 7-0, [=0-1. The residue 
contained 18 % protein (amount in original pH 10 
preparation, 13 %) and gave a value of A (0-26) only 
slightly higher than that given by the original 
pH 10 preparation. The protein was isolated and 
examined by electrophoresis in phosphate pH 7-7, 
I=0-2. This showed that most of the increase in 
protein concentration was due to the binding of 
«-globulin, with some reduction in the y-globulin 
content—a composition differing markedly from 
that found for ultrafilter residue prepared from 
synovial fluid which had been dialysed against 
phosphate pH 7-0, J=0-1. It appears, therefore, 
that filtration at pH 10 impairs the ability of 
hyaluronic acid to combine reversibly with protein. 


DISCUSSION 


The immunological and electrophoretic results 
indicate that the protein content of the hyaluronic 
acid complex is wholly derived from the serum and 
is composed largely of «-globulin, with smaller 
amounts of f- and y-globulins (Table 4. Fig. 25). 
This composition varies with the pH and ionic 
strength of ultrafiltration. The results (Table 7) 
suggest that the hyaluronic acid complex of 
Ogston & Stanier (1952), prepared by washing the 
ultrafilter residue with unbuffered salt solutions and 
distilled water, may not be the same with respect to 
the type of protein as the complex present in the 
native synovial fluid—represented by the ultra- 
filter residue filtered and washed under ‘physio- 
logical conditions’ of pH and salt concentration. 

The sedimentation constants of protein samples 
isolated from complexes prepared by the method of 
Ogston & Stanier (1952), at pH 5-8, 7-0, 8-0, 10-0 
and ‘physiological conditions’ all fall within the 
range previously reported for serum globulins (see 
Addendum). 

The absence from the complex of proteins un- 
related to those of serum is shown by the complete 
precipitation of the isolated protein by the anti- 
bodies to the bovine serum fractions. This com- 
plements the finding of Humphrey & Stanier (to be 
published) that ox serum absorbed aii of the anti- 
bodies from a rabbit antiserum to the hyaluronic 
acid complex. The quantitative immunological 
tests carried out on synovial fluid from which the 
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hyaluronic acid had been removed by degradation 
and absorption showed that all of the proteins 
were derived from the serum (Table 6). This was 
confirmed by electrophoresis (Fig. 2d and Table 7) 
and agrees with the suggestion by Hesselvik (1940) 
that, apart from hyaluronic acid, synovial fluid is 
essentially a plasma exudate. It appears that the 
hyaluronic acid, secreted by the cells of the synovial 
epithelium, forms the complex with some of the 
serum proteins which diffuses through the walls of 
the joint capillaries. 

The nature of the combination between the 
hyaluronic acid and the protein is obscure. The 
increase in the amount of protein in the complex 
as the pH of ultrafiltration is decreased suggests 
that the binding forces might be ionic, tending to 
become stronger with decreasing pH, when the 
proteins tend to acquire positive charges at a 
greater rate than the strongly charged hyaluronic 
acid would lose its negative charges. However, at 
pH 5-8 «-globulin predominates in the complex, 
whereas the B- and y-globulins with much stronger 
positive charges are only bound in significant 
amounts as the pH is raised to 7 or 8, when these 
charges are considerably reduced. This suggests 
that the hyaluronic acid will combine with proteins 
whose isoelectric points are in the region of the 
pH of ultrafiltration. Since many of the serum 
proteins are least soluble in the neighbourhood of 
their isoelectric points it is possible that they 
might be adsorbed to the micelles of the randomly 
coiled hyaluronic acid (Ogston & Stanier, 1951) by 
a process akin to the ‘salting-out adsorption’ of 
proteins on solids observed by Tiselius (1948). 
This effect might explain the increase in the 
amount of protein in the complex, when ultra- 
filtration is carried out at high ionic strength. 
Under these conditions combination occurs even 
with albumin, although at ionic strength 0-1 this 
does not occur even when albumin is added to a 
concentration of 5% prior to. ultrafiltration. It 
must be noted that no mucin formation was 
observed with the albumin at high ionic strengths, 
suggesting that mucin clot formation below pH 5-6 
is dissimilar to the complex formation at higher pH. 

Using the anomalous viscosity criterion of 
Ogston & Stanier (1951) it was found that the 
physicochemical structure of the complex remains 
constant under all of the conditions used for pre- 
paration, except pH 10 (Table 8), where the protein 
concentration is considerably reduced (Table 7). 
The properties of the complex prepared at this pH 
cannot be restored by refiltering at pH 7 in the 
presence of synovial fluid proteins, indicating that 
the loss of protein and accompanying change in 
physicochemical structure are irreversible. Some 


evidence of the reversibility of the combination 
with protein of the material prepared by the 
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method of Ogston & Stanier (1952) is given by the 
experiments involving the re-filtration of this in the 
presence of whole serum at pH 5-8 and 7-0, where 
the complex assumes the composition of that 
prepared from synovial fluid dialysed and filtered 
at these pH values. 

It is of interest to note that Blumberg & Oster 
(1954) have claimed that the protein is not essential 
to the structure of the hyaluronic acid, since they 
found by light-scattering studies that the protein- 
free hyaluronic acid prepared by the method of 
Weissman, Rapport, Linker & Meyer (1953) has 
essentially the same molecular structure as the 
hyaluronic acid complex of Ogston & Stanier 
(1952). 

However, since they used a value of 1-8 x 10-* for 
the specific refractive increment of protein-free 
hyaluronic acid, their conclusions may be doubtful. 
This value is certainly too high; Ogston & Stanier 
(1950) obtained a mean value of 1-44x 10-3 for 
(protein-free) hyaluronic acid from ox synovial 
fluid and Ogston (private communication) has 
observed 1-40x10-* for protein-free bacterial 
hyaluronic acid. 


SUMMARY 


1. The protein has been isolated from the 
hyaluronic acid-protein complex of Ogston & 
Stanier. Evidence was obtained showing by 
physical and immunological tests that the protein 
is entirely derived from the serum. 

2. The protein composition of the hyaluronic 
acid complex varies with pH and ionic strength. At 
pH 5:8 «-globulins predominate, at pH 7-8 «- and 
B-globulins participate, and at pH 10 the protein 
content is reduced considerably, the protein com- 
bining being mostly y-globulin. At neutrality 
increasing ionic strength led to a marked increase 
in the amount of protein in the complex. 

3. It is suggested that the protein associates 
with the hyaluronic acid through a process akin to 
salting-out adsorption. 


The author is grateful to Dr A. G. Ogston for his advice 
and helpful criticism, and to the Wellcome Trust for the 
grant under which this work was done. Thanks are also 
due to Dr R. L. Vollum for advice and for performing the 
injections on the rabbits. 
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ADDENDUM 


Examination in the Ultracentrifuge 


By A. G. OGSTON 
Department of Biochemistry, University of Oxford 


(Received 31 May 1955) 


A number of samples of protein, isolated from the 
hyaluronic acid complex of ox synovial fluid as 
described in the preceding paper, were examined in 
the Svedberg oil-turbine ultracentrifuge, using the 
methods of Cecil & Ogston (1948) and the optical 
system of Baldwin (1953). This technique shows a 
much lower resolving power for the components of 
plasma than does electrophoresis: the aim was 
therefore merely to provide a check on the charac- 
terization of the proteins by the other techniques. 
Measurements were also made on a sample of 
a-globulin prepared (as described in the preceding 
paper) from ox serum. In two cases measurements 


were made at different salt concentrations (Peder- 
sen, 1945) in order to determine the apparent 
partial specific volumes. 


RESULTS 


The results are summarized in Table 1; Fig. 1 shows 
some typical sedimentation diagrams; Fig. 2 shows 
the corrected sedimentation coefficients plotted 
against concentration. In addition to the main 
component, there was always a small amount of 
heterogeneous material with a sedimentation 
coefficient 15-20 x 10-}* sec. 


Table 1. Sedimentation coefficients of protein fractions prepared from the hyaluronic acid 
complex of ox synovial fluid 


For conditions of filtration, see preceding paper. All samples were separate preparations, except those bracketed to- 
gether. The column ‘buffer’ gives the solution in which each sedimentation measurement was made. In the correction of 
the sedimentation coefficient to Sy» ,, the values of V used were: complex protein pH 8 and below, 0-78; pH 10, 0-75; 


serum a-globulin 0-86 (see text). 


Conditions of 


filtration Buffer 

NaCl-H,O 0-2m-NaCl 

NaCl-H,O 0-2m-NaCl 
NaCl-H,O 0-385 M-NaCl 

NaCl-H,O 1-03m-NaCl 
‘Physiological’ 0-2m-NaCl 
pH 5-8 0-2m-NaCl 
pH 8 0-2m-NaCl 
pH 10 0-2m-NaCl 
pH 10 0-2m-NaCl 


0-2m-NaCl 


1-04m-NaCl 


a-Globulin 
a-Globulin 


Concentration 
(g-/100 ml.) 107 x Sy sec. 101 x Syo, » Sec. 
1-60 5-57 5-87 
1-14 6-07 6-40 
1-14 5-79 6-36 
1-14 4-98 6-39 
0-72 6-16 6-49 
1-56 5-71 6-00 
1-32 5°75 6-06 
1-19 5°88 6-19 
0-41 6-40 6-73 
0-47 6-47 6-89 
0-47 4-76 6-89 
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DISCUSSION 


The present results on the sedimentation of ox 
serum «-globulin in 0-2m-NaCl and those of 
Johnston & Ogston (1946) on bovine y-globulin are 
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Fig. 1. Sedimentation boundary diagrams of proteins 
isolated from the hyaluronic acid complex of ox synovial 
fluid; for conditions of isolation, see the preceding 
paper. 

Measurements were made in 0-2M-NaCl at 900 rev./sec. 
and at approx. 25°. 


Time after 
full rotor 
Conen. speed 
Method of isolation (g./100 ml.) (min.) 
A NaCl-H,O 1-14 22 
B pH58 1-56 57 
C pH8 1-32 47 
D pH 10 1-19 34 


closely alike. This makes it unlikely that the 
ultracentrifuge would reveal the change of the 
hyaluronic acid complex protein, with pH of 
filtration, from «- to y-globulin, which is shown by 
other techniques. Fig. 2 shows that all the samples 
appear as a single family in sedimentation, which is 
consistent with the protein being «- or y-globulin. 

However, changing the concentration of buffer 
salt has different effects on the sedimentation of 
the complex protein («-globulin) and on that of 
serum «-globulin (Table 1); a given change of salt 
concentration causes a larger change in the sedi- 
mentation of the serum «-globulin. If one may use 
this change to obtain the effective partial specific 
volume of the sedimenting material (cf. Ogston, 
1954) the results are: complex protein a-globulin 
V’=0-78; serum «-globulin V’=0-86. The latter 
is quite close to the directly determined value of 
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V=0-84 for human serum «,-globulin given by 
Oncley, Scatchard & Brown (1947), though they 
found a sedimentation coefficient of only 5 x 10-1% 
for this material. If the high value of V’ of serum 
a-globulin were due to the association with the 
protein of lipoid material of density about 1, then 
the hyaluronie acid complex protein could consist 
of the same protein with much less lipoid. 


1013 x S20, w 
wr un n 


an) 





0 05 10 15 
Concentration (g./100 ml.) 


Fig. 2. Sedimentation coefficients of proteins isolated 
from the hyaluronic acid complex of ox synovial fluid; 
for conditions of isolation, see preceding paper. The filled 
circle gives a value obtained for «-globulin isolated from 
ox serum. 


SUMMARY 


1. Sedimentation measurements in the ultra- 
centrifuge have been made on proteins isolated 
under various conditions from the hyaluronic acid 
complex of ox synovial fluid. 

2. The results are consistent with the protein 
resembling a serum globulin; however, the change 
of sedimentation rate with concentration of buffer 
salt differs from that shown by serum «-globulin. 
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Determination of Cadmium in Urine and Observations on 
Urinary Cadmium and Protein Excretion in Men 
Exposed to Cadmium Oxide Dust 


By J. C. SMITH, J. E. KENCH anp R. E. LANE 
Nuffield Department of Occupational Health, University of Manchester 


(Received 27 May 1955) 


Prolonged exposure of workmen in the alkaline- 
accumulator industry to cadmium oxide dust led in 
many cases to the appearance of protein in the 
urine (Friberg, 1950). As part of a study of the 
proteinuria of cadmium poisoning an accurate 
method for the measurement of cadmium in urine 
was obligatory. This paper describes a sensitive 
and specific dithizone procedure and presents data 
on the incidence and degree of proteinuria in 
relation to cadmium exposure and excretion. 


MATERIALS AND METHODS 


Fresh urinary specimens of 120 employees in an alkaline- 
accumulator factory were examined for the presence of 
protein as follows: 2 ml. 25% (w/v) trichloroacetic acid 
were added to 2ml. urine that had first been filtered 
until clear. A just perceptible opalescence was recorded as 
a trace (+), definite opacity as positive (+) and a pre- 
cipitate as strongly positive (++). Twenty-five urinary 
specimens gave evidence of the presence of protein by this 
sensitive test, and the positive specimens also showed heat 
coagulation, precipitation by 25% (w/v) salicylosulphonic 
acid and Esbach’s and Heller’s Tests. 

Urinary specimens from twelve workmen offered the 
possibility of more detailed study. Mid-morning specimens 
from these men were transported weekly to the laboratory 
with minimal delay for quantitative evaluation of cadmium 
and protein. A group of 100 workmen of similar age 
range without known exposure to cadmium were used as 
controls. 

Total urinary protein. Total urinary protein was deter- 
mined by the biuret method of Hiller, McIntosh & Van 
Slyke (1927), using 40 ml. urine instead of 2 ml. as in the 
original procedure. 

Concentration of the urine. Creatinine concentration was 
determined by the alkaline picrate method of Bonsnes & 
Taussky (1945). Specific gravity was measured by weighing 
the urine in a calibrated 50 ml. volumetric flask corrected 
for temperature. 


Cadmium in urine 


Earlier reports of cadmium excretion (Princi, 1947; 
Cotter & Cotter, 1951) indicated that a suitable method 
should measure 0-20 yg. Cd in 50 ml. urine and be sensitive 
to O-lyg. Cd. A colorimetric procedure using diphenyl- 
thiocarbazone appeared most likely to fulfil these con- 
ditions. 

Numerous dithizone methods for Cd have been described, 
based on the original observation of Fischer & Leopoldi 


(1937) that the cadmium-—dithizoné complex in CHCl, 
solution is stable on treatment with 6% NaOH. The 
procedure of Setterlind & Krause (1943) for determination 
of Cd in air appeared capable of application to biological 
material without major modification. 

In early trials with this method it was found that 
0-40 wg. Cd in aqueous solution could be recovered quanti- 
tatively in the presence of 1000 yg. of each of the following 
metal ions: Agt, Al®+, Ba?+, Bi?+, Ca?+, Co?+, Cr3+, Fe%+, 
Mn?*+, Pb?+, Sn?+, and Sn‘+, but that quantities of Cu?+ and 
Hg?+ greater than 200 and 30,yg. respectively prevented 
recovery of Cd. Interference from Cu and Hg could be 
avoided by a preliminary extraction of these metals from 
approximately 1% HNO, with CHCl, and dithizone. 

Further experience in the application of the method to 
measurement of Cd in urine showed that a number of 
changes were necessary. The following points are worthy of 
special mention: (1) For final measurement of Cd the pink 
dithizone complex is to be preferred to the green dithizone 
solution in CHCl, regenerated from the complex, since the 
dithizone solution is photolabile. (2) Considerable losses of 
Cd occurred during the two washings with 6% NaOH. 
Such losses could be prevented by dropwise addition of a 
15% (w/v) NH, solution of dithizone to maintain an 
excess of dithizone in the aqueous layer. This effect could 
be ascribed to an equilibrium between dithizone in the 
aqueous phase and the complex in CHCl,. Great excess of 
dithizone resulted in the passage of Pb along with Cd as 
dithizonates into the CHCl, layer. Eventually the dithizone 
was employed entirely in NH, solution and the CHCl, 
added without dithizone in solution. In addition, the blank 
colour was thereby reduced considerably having been 
formerly somewhat yellow due to the presence of a de- 
composition product of dithizone. (3) The amount of 
KON (0-25%) used by Setterlind & Krause in the second 
alkaline washing was insufficient to prevent interference by 
a large excess of Pb. The observation of Saltzman (1953) 
that the presence of cyanide in the first alkaline washing 
generally reduced interference from other metals, mainly 
Pb, was confirmed. The concentrations of cyanide em- 
ployed by Saltzman (0-05 and 1-0% for the first and second 
washing respectively) were adopted and were found to be 
satisfactory. (4) The acid digests of urine contained much 
(NH,).SO, formed from urea and other urinary nitrogen 
compounds. When NaOH was added to the neutralized 
digest in the first alkaline washing, NH, was evolved with 
equivalent loss of alkali and no control over the pH of the 
aqueous phase was possible. This difficulty was avoided by 
neutralizing the digest with conc. NH, (sp.gr. 0-880) and 
making a preliminary extraction of trace metals from 
weakly ammoniacal solution with dithizone and CHCl,. 
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The reagents and method finally employed are as 
follows. 

Reagents. Water distilled and stored in Pyrex glassware 
was used in the preparation of all aqueous solutions. All 
the reagents used were of Analar quality. 

Sodium hydroxide 40%-potassium cyanide 0-05%: 
80 g. NaOH pellets and 0-1 g. A.R. KCN were dissolved in 
200 ml. distilled water. 

Sodium hydroxide 40%-potassium cyanide 1-0%: 
80g. NaOH pellets and 2-0g. KCN were dissolved in 
200 ml. distilled water; both these solutions are renewed 
after 7 days. 

Sodium potassium tartrate solution 25% (w/v); this is 
also renewed after 7 days. 

Ammonia solution 155% (w/v): 25 ml. cone. NH, 
(sp.gr. 0-880) were diluted to 500 ml. with distilled water. 

Nitric acid solution 1% (w/v): 20 ml. HNO, (sp.gr. 1-42) 
were diluted to 2000 ml. with distilled water. 

Ammoniacal dithizone was prepared by dissolving 
approximately 0-1 g. diphenylthiocarbazone 


(C,H, _N=N—CS—NH—NH—C,H,) 


in 10 ml. CHCl, and extracting the solution with 20 ml. 
1-5% NH, solution. The CHCl, layer was run off completely 
from the orange-red ammoniacal layer. 

A stock standard Cd solution was prepared by dissolving 
(0-2032 g. CdCl,,2-5 H,O, previously dried in a desiccator, 
in 1000 ml. 1% nitric acid. This solution contained 100 yg. 
Cd/ml. A working standard solution containing 1 yg. 
Cd/ml. was prepared as required by diluting 10 ml. of the 
stock solution to 1000 ml. with 1% nitric acid. 

The reagent blank for the complete procedure was found 
to be so low (0-3ug. Cd) that removal of Cd from the 
reagents was unnecessary. 

Three 250ml. Pyrex pear-shaped separatory funnels 
were employed. These were cleaned twice with hot tap 
water and rinsed twice with distilled water after each 
analysis. 

Method. 50 ml. urine were measured in a graduated 
flask and transferred to a 100 ml. Pyrex Erlenmeyer flask. 
Any deposit was stirred thoroughly into the urine before 
measuring. Transfer was completed by two washings with 
distilled water. The urine was evaporated gently to dryness 
on a sand bath. The flask was then allowed to cool and 
5ml. conc. HNO, were added, the flask being further 
warmed on the sand bath until the evolution of brown fumes 
had ceased. After cooling, 4 ml. conc. H,SO, were added 
and the flask was heated more strongly to evaporate the 
HNO,. At this stage the blackened digest was allowed 
to cool, treated with 0-5 ml. 100-vol. H,O, and then 
warmed gently. The addition of H,O, was repeated two or 
three times until the digest remained clear after strong 
heating. 

The digest was allowed to cool and diluted with 10 ml. 
distilled water and approx. 1 g. sodium citrate added. The 
sodium citrate prevented the formation of a precipitate 
(presumed to be calcium phosphate) which otherwise 
formed on neutralization. The contents of the flask were 
rendered just alkaline to litmus by addition of cone. NH, 
(sp.gr. 0-880). The neutralized digest was cooled and trans- 
ferred to a separatory funnel. The flask was rinsed out with 
two 5 ml. portions of 1% HNO, and the washings were 
added to the funnel. A further 5 ml. 15% NH, solution 
were added, together with 10 ml. CHCl, and ten drops of 
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ammoniacal dithizone. The funnel was shaken and more 
dithizone was added until, after shaking, the CHCl, layer 
became dark blue in colour. The coloured extract, con- 
taining the dithizonates of most of the trace metals in- 
cluding Cd together with excess of dithizone, was run off 
into a second funnel containing 25 ml. 1% HNO,. Further, 


Optical density of cadmium dithizonate 
(Excm, at 506 mys) 





0 20 40 60 8-0 10-0 
Cadmium used (in dithizone separation) (jg.) 


Fig. 1. Relation between the amount of cadmium and the 
optical density of its derived dithizonate, measured in 
chloroform (10 ml.) at 506 mp. 


Recovery of cadmium added 
to normal urine 


Table 1. 


The cadmium was added to 50 ml. samples of urine. 
Columns I and II show duplicate values. 


Amount of cadmium (yg.-) 

















Found Recovered 
Added I It I Il 
0-0 0-5 0-5 0-0 0-0 
1-0 1-6 1-4 1-1 0-9 
2-0 2-6 2-5 2-1 2-0 
3-0 3-7 3-5 3-2 3-0 
4-0 4-5 4-3 4-0 3-8 
5-0 5:3 5-4 4:8 4-9 
10-0 10-8 10-7 10-3 10-2 


similar extractions were made until the CHCl, became 
green. After shaking the pooled CHCl, extracts with 1% 
HNO,, the CHCl, layer, containing Cu and Hg, was dis- 
carded. The last traces of green dithizone colour were 
removed with 5ml. CHCl,, added gently and run off 
without shaking. 

The aqueous layer, which contained Cd and the other 
trace metals whose dithizonates were unstable in the 
presence of dilute acid, was rendered strongly alkaline 
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with 5ml. 40% NaOH-0-05% KCN, and 2ml. 25% 
sodium potassium tartrate, 10 ml. CHCl, and five drops of 
ammoniacal dithizone were added. The mixture was 
shaken for 1 min. and then allowed to stand. If the 
aqueous layer was colourless or only pale yellow on settling 
further dithizone was added and the funnel was shaken 
again. The pink CHCl, layer containing only Cd and traces 
of Pb as their dithizonates was run into a third separatory 
funnel containing 25 ml. 1% HNO,. The contents of the 
second funnel were further extracted with 10 ml. portions 
of CHCl, until the extracts were colourless, three such 
extractions being normally sufficient to remove the largest 
quantity of Cd encountered. 

The third funnel was then shaken for 1 min. to decom- 
pose the complexes, the Cd and Pb entering the aqueous 
phase. The pale green CHCl, layer was discarded and the 
last traces of dithizone removed by adding 5 ml. CHCI,, 
which were run off without shaking. To the aqueous layer 
were added 5 ml. 40% NaOH-1% KCN and 5 ml. CHCI,. 
Three drops of ammoniacal dithizone were added and the 
mixture was shaken for 1 min. With large quantities of Cd 
further addition of dithizone was necessary to ensure that 
the aqueous layer remained yellow in colour. The pink 
CHCl, layer, containing only cadmium dithizonate, was 
withdrawn into a graduated tube and the extraction was 
repeated with a further 5 ml. CHCl,. A few drops of CHCl, 
were used to remove the last traces of complex. The 
volume in the tube was brought to 10 ml. with CHCl, and 
the tube was stoppered and allowed to stand, when most of 
the water droplets entrained in the CHCl, settled out on the 
walls of the tube. The optical density of the cadmium 
dithizonate was measured at its maximum, 506 mz., 
in a Unicam spectrophotometer SP. 500. The time of 
standing was not critical as the cadmium complex was 
photostable. 

Normally twelve urines with two blanks were digested 
and analysed together and the final CHCl, solutions stood 
for about an hour before the measurement of the ab- 
sorption. Cadmium contents of the various specimens were 
read from a standard curve prepared by passing accurately 
measured volumes of the working standard Cd solution 
through the analytical procedure. The standard curve is 
shown in Fig. 1. The reagent blank for the complete deter- 
mination was consistently 0-3 ug. Recoveries of Cd added 
to normal urine are presented in Table 1. 


RESULTS 


The data on the incidence of proteinuria in this 
study are presented in Table 2. Proteinuria was 
observed in 5% of the control group of workers, 
whereas 20 % of the workers exposed to cadmium 
showed urmary protein. The normal range of 
urinary cadmium was found to be 0-20 yg./I., and 
the range in the workmen exposed to cadmium was 
10-580 pg./l. 

The results of cadmium and protein determina- 
tions over a period of 6 weeks on weekly spot 
samples from twelve workers are shown in Table 3. 
Specific gravity and creatinine values are included 
as a guide to the concentration of the specimens. 
No attempt has been made to employ these values 
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to correct the cadmium and protein excretions for 
variations from normal urinary concentration. 
Cadmium in, air determinations in the plant were 
made during the period February—July 1952. The 
mean values for the two main processes carried out 
in the plant were 0-33 and 0-55 mg. Cd/m.* with the 
highest figure 1-9 mg./m.°. Many of the workmen 
studied had been subjected for many years to 


Table 2. Incidence of proteinuria in workers ex- 
posed to cadmium and in workers without known 
exposure 


The total number of exposed workers tested was 120 and 
the total number tested, but not exposed, was 100. The 
amount of protein excreted is designated as follows: 

+ + +, approx. 5 g./l.; + +, approx. 1 g./l.; +, 0-1-1 g./L; 
+, 25-100 mg./I.; negative, <25 mg./l. 
Number of workers 


A 


Degree of i— ia iaeneaereeeetiiniad 
Not exposed 


proteinuria Exposed 
ies fl 0 1 
+ + 1 0 
+ 17 1 
{ 7 3 
Negative 95 95 


conditions worse than this. The various processes 
were graded 0—4, and an exposure index, a measure 
of the atmospheric cadmium in the individuals 
working life, was computed by summation of the 
products of process grading and time of exposure 
(in years) for all the work done. 


DISCUSSION 


The subjects of this study have been exposed to 
cadmium oxide dust for periods varying from 0 to 
30 years, the severity of exposure likewise differing 
widely throughout the group. There was no clear 
relationship between grading of exposure and 
urinary cadmium, especially on the least hazardous 
operation (Table 3). 

Proteinuria occurred more frequently in cadmium 
workers than in the control group (Table 2), 
although in all exposed cases the quantity of protein 
was small. Urinary cadmium and excreted protein 
appeared to vary independently, but workman A, 
who worked in a severely contaminated atmos- 
phere, consistently excreted most cadmium and 
protein in his urine. Currently exposed workmen 
(D, H, J, K, L, P and R) generally exhibited higher 
rates of urinary cadmium excretion than those not 
currently exposed (M, O and Q), whilst the values 
for N, who had not been in contact with cadmium 
oxide dust, were within the normal range. The 
nature of the proteinuria in this intoxication is the 
subject of continued study. 
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Table 3. Urinary excretion of cadmium and protein in workmen exposed to cadmium oxide dust 


The urine of each workman was tested weekly for six successive weeks (urines 1-6). For definition of exposure rating 


and exposure index see text. 


Workman ... ade dns A D H J 
Exposure 
Current rating 4 2 2 1 
Time (years) 15 30 15 26 
Index 53 83 28 44 
Urine 1 
Cd (yg./l1.) 578 98 122 52 
Protein (mg./I.) 1138 170 — 383 
Sp.gr. 1-020 1-021 1-023 1-028 
Urine 2 
Cd (ug./I.) 500 56 80 41 
Protein (mg./I.) 925 320 13 40 
Sp.gr. 1-021 1-019 1-020 1-027 
Creatinine (mg./100 ml.) — 98 82 tt 
Urine 3 
Cd (yg./1.) 534 50 40 42 
Protein (mg./l.) 575 5 25 55 
Sp.gr. 1-021 1-014 1-013 1-030 
Creatinine (mg./100 ml.) 97 61 20 58 
Urine 4 
Cd (yg./I1.) 335 20 139 36 
Protein (mg./I.) 1283 48 43 500 
Sp.gr. 1019 1-017 1-024 1-024 
Creatinine (mg./100 ml.) 76 80 134 34 
Urine 5 
Cd (ug./1.) _ 56 = 38—Sté«8'G 
Protein (mg./l.) — 100 2§ 638 
Sp.gr. ~- 1-017 1-011 1-026 
Creatinine (mg./100 ml.) — 56 19 20 
Urine 6 
Cd (yg./I.) —- 76 132 34 
Protein (mg./I.) -— 80 0 600 
Sp.gr. — 1017 1-025 1-024 
Creatinine (mg./100 ml.) — 148 164 86 
SUMMARY 


1. An accurate, sensitive and reliable method 
for the determination of cadmium in urine has been 
evolved. 

2. The incidence of proteinuria in a group of 
workers exposed to cadmium oxide dust was 
higher than in controls. 

3. Urinary cadmium and protein appeared to 
vary independently. 

We are grateful to Mr H. V. Stevenson for valuable 
practical assistance and to Dr R. 8. F. Schilling who kindly 
arranged for men under his care to act as controls. The 
investigation was made possible by the co-operation of 
Alkaline Batteries Ltd. to whom one of us (J.C.S.) is also 
indebted for financial support. 
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1 1 0 0 1 0 2 

30 25 22 0 14 30 25 10 
53 43 66 0 22 30 16 16 
90 114 36 22 40 76 10 42 
738 575 400 0 10 15 5 25 
1-020 1-022 1-017 1-027 1-024 1-023 1-015 1-023 
54 20 32 10 44 52 — 28 
195 103 125 10 15 8s — 183 
1-012 1-009 1-028 1-019 1-024 1019 — 1-023 
62 32 160 99 — 13 — 125 


66 76 32 12 30 84 15 37 
83 75 393 0 0 45 15 10 
1-018 1-019 1-019 1-024 1-021 1-023 
122 109 116 154 lll 174 92 129 


62 38 10 — 26 12 18 
1300 508 563 oo — 25 10 0 
1019 1010 — 1022 — 1-021 1-017 1-023 
128 30 112 122 — 144 91 105 
78 104 24 9 37 27 13 16 
1005 678 1128 0 10 10 10 0 
1015 1-017 1-020 1-011 — 1-017 1-021 1-017 
72 86 50 26 168 135 82 43 
76 44 26 12 20 48 10 28 
1270 520 780 0 15 10 0 0 
1-019 1-010 1-010 1-020 1-020 1-012 1-019 


159 84 132 174 120 160 79 180 


REFERENCES 


Bonsnes, R. W. & Taussky, H. H. (1945). J. biol. Chem. 
158, 581. 

Cotter, L. H. & Cotter, B. H. (1951). 
industr. Hyg. 3, 495. 

Fischer, H. & Leopoldi, G. (1937). Mikrochem. Acta, 1, 
30. 

Friberg, L. (1950). Acta med. scand. 138, Suppl. 240, 1. 

Hiller, A., McIntosh, J. F. & Van Slyke, D. D. (1927). 
J. clin. Invest. 4, 25. 

Princi, J. (1947). J. industr. Hyg. 29, 315. 

Saltzman, B. E. (1953). Analyt. Chem. 25, 493. 

Setterlind, A. N. & Krause, A. H. (1943). Micro-analysis of 
Cadmium by the Diphenylthiocarbazone (Dithizone) 
Method. Illinois: Dept. Publ. Health, Div. industr. 


Hyg. 


A.M.A. Arch. 





1955 


Branched -Chain Fatty Acids of Butterfat 
7. INVESTIGATION OF THE C,, ACIDS* 


By F. B. SHORLAND, T. GERSON anp R. P. HANSEN 
Fats Research Laboratory, Department of Scientific and Industrial Research, 
Wellington, New Zealand 


(Received 31 May 1955) 


Naturally occurring n-tridecanoic acid was first 
isolated from coconut oil (Jantzen & Witgert, 1939; 
Nobori, 1942), while the branched-chain C,, acid 
((+)-10-methyldodecanoic acid) was first found in 
degras (Weitkamp, 1945) and later in mutton fat 
(Hansen, Shorland & Cooke, 19546). In the present 
paper the occurrence in animal fats of n-tridecanoic 
and 11-methyldodecanoic acids is established for 
the first time. (+)-10-Methyldodecanoic acid has 
also been isolated. 

In Part 6 of this series Shorland, Gerson & 
Hansen (1955) reported the isolation of (+ )-12- 
methyltetradecanoic, 13-methyltetradecanoic and 
n-pentadecanoic acids by the combined processes of 
ester fractionation and low-temperature crystalli- 
zation. The C,, acids were isolated from the same 
sample of butterfat by the use of similar pro- 
cedures. 7 


EXPERIMENTAL 


By fractional distillation of V3 (cf. Shorland et al. 1955) 
there was obtained a series of fractions of which the second, 
V3, 2 (411-4 g., saponification equiv. 215-2, iodine value 
5:5) was selected to concentrate the methyl esters of C,; 
acids by fractionation, giving finally a fraction K 5 (10-11 g., 
sap. equiv. 229-8, iodine value 4-8, m.p. — 13-0° to — 12-2°). 
K5 on refractionation in column E (Shorland, 1952) was 
shown to consist of methyl esters of C,, acids (see Table 1). 


Table 1. 


Wt. Sap. 
Fraction (g-) equiv. 
K5, 1 0-70 228-8 
K5, 2 1-50 229-8 
K5, 3 1-65 227-2 
K5, 4 1-45 227-2 
K5, R 4-30 227-2 
9-60 — 


Fraction 4 (1550 g., sap. equiv. 225-4, iodine value 8-1), 
obtained during the course of fractionation of (V 1+ V2) 
referred to previously (Shorland e¢ al. 1955), was similarly 
resolved into seven fractions. Of these, L5 (7-64 g., sap. 
equiv. 227-0, iodine value 10-0, m.p. —12-0° to -—11-5°, 
a1 +0-64°), L6 (3-80 g., sap. equiv. 226-7, iodine value 9-6, 


* Part 6: Shorland, Gerson & Hansen (1955). 


m.p. —4:0° to -—3-0°, «}§+0-54°), and LR (3-52 g., sap. 
equiv. 235-4, iodine value 10-6, m.p. 3-0-3-9°, «18 0-00°) 
were used for the isolation of C,, acids. 

In agreement with previous experience with the methyl 
esters of the C,, acids (cf. Shorland et al. 1955) it was found 
that the later fractions of methyl esters of C,, acids had 
relatively high melting points and low optical rotations, 
suggesting that the methyl ester of the n-acid was the 
main constituent (see Table 1). 


n-Tridecanoic acid 


To isolate the n-acid, fractions K5,R and LR were 
combined and the corresponding acids denoted A. Crystal- 
lization of A (6-56 g., m.p. 32-7-33-3°) 3 times from 40 vol. 
of light petroleum (b.p. 50-60°) at —40° gave 2-80. of 
precipitate AI3 (m.p. 41-6-41-9°) and a soluble portion 
AS3 (0-47 g., m.p. 37-7-38-5°). AI3, on admixture with an 
equal quantity of synthetic n-tridecanoic acid (Eastman- 
Kodak), m.p. 41-3°, showed no depression of m.p. 


(+)-10-Methyldodecanoic acid 


The soluble portion AS1, and the remaining fractions of 
methyl esters of C,, acids, K5 (1-4), L5, and L6 after 
conversion into fatty acids, were bulked, and denoted B, 
giving a total weight of 14-76 g. B was crystallized 10 times 
from 40 vol. of light petroleum (b.p. 50-60°) at — 70° and 
the soluble fractions BS 1 to 5 (4-15 g.) were combined and 
recrystallized three times from 10 vol. of light petroleum 
at —70°. The solids denoted C (1-91 g., m.p. 23-3°) were 


Fractionation of methyl esters of Cy, acids (fraction K 5) 


M.p. 
(°) aS 
-60to -55 0-00° 
—15:8 to -— 15:3 +0-34 
—23-0 to — 22-5 +0-54 
-15°8 to -— 153 +0°74 
-l2to -0-7 +0°14 


combined with BS6-10, and with BI10 giving 12-4 g. of 
acids denoted D. D was crystallized 9 times from 20 vol. of 
light petroleum at — 70°, and the soluble fractions DS 1-5 
(1-57 g.), denoted E, were recrystallized from light petroleum 
using 20 vol. at — 70°, 10 vol. at the same temp. and 50 vol. 
twice at — 40°. The soluble fraction ES4 had m.p. 6-2-6°5°; 
[«]i§+5-5° in CHCI,. It was therefore presumed to be the 
ante-iso acid. 
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-_Methyld — conditions, Von Sydow (1954) obtained the A form. 

ee a Fraction I 11 differs from n-tridecanoic acid by the 

AS2 and DI9 were combined and denoted F (11-05 g.). long spacing of 26-34. This agrees with 26-24 

Crystallization of F from 65 vol. of acetone at -40° sing by Arosenius, Stillberg, Stenhagen & 

yeiied O95 g, af yaneightate BE) (np. tenes Pan Tagstrém-Eketorp (1949), and 26-8A reported by 
: ; i ; : ; 

soluble fraction FS 1 (10-73 g.) was crystallised twice from = 171.1. (1947) for the C,, i#o-acid. When mixed with 


20 vol. of ethanol at — 70°, and then 3 times from 20 vol. of ; , ; - ; 
acetone at the same temperature. FI6 (8-50 g. acids) was 22 equal quantity of n-tridecanoic acid the melting 


converted into methyl esters of which 4-19 g., denoted G, point of the latter (41-3°) was depressed by 5-7°. 
were recrystallized 7 times from 25 vol. of methanol at This depression is in accord with depressions of 
-40°. The soluble fractions GS1-7 (3-17 g.), denoted H, 5—7° found, when odd-numbered normal and 7so0- 
were combined and crystallized 4 times from 25 vol. of acids are mixed (cf. Hansen, Shorland & Cooke, 
methanol at - 40°. The soluble portions HS 1-4, denoted I, 1954a). These data, together with the melting 
were again combined (2-05 g.), reconverted into acids joint of 40-0°, show that I11 is 11-methyldo- 
(1-83 g.), and crystallized 4 times from 75 vol. of acetone at dietesieie eaki : 

—75° and then 7 times from 80 vol. of light petroleum at Th fES 4 (65° ‘th that or 
_ 40°, giving finally 0-38 g. of precipitate I11 (m.p. 39-4- © m.p. o Se) Sapane wih Shes veparte 
40-0°). The melting point of 111 was depressed to 35-72 by Weitkamp (1945), (6-2°), by Nunn (1951), 
when mixed with an equal weight of the normal acid. (56°), and by Milburn & Truter (1954), (5-8°), for 
This fraction was therefore presumed to consist of | +(10)-methyldodecanoic acid. The value for [«]} 
11-methyldodecanoic acid. in chloroform was found to be + 5-5°, as compared 


Table 2. Chemical and physical properties of fractions 


Combustion 
analysis (%)* X-ray long 
Wt. Sap. ; M.p. —_—_ spacing 

Fraction (g.) equiv. nie (°) C H [a]? (A) 
AI3 2-80 214-0 1-4288 41-6-41-9 73-1 12-2 — 29-7f 
34-6} 

ES4 0-95 2143 1-4444§ 6-2-6-5 72-7 11-6 +5-5° — 
Ill 0-38 214-8 1-4293 39-4-40-0 73-0 12-3 — 26-3 

* Calc. for C,,H,,0,: C, 72-9; H, 12-2%. + Melted and then quickly cooled. 


{ Crystallized from benzene. § Determined at 25°. 


The X-ray long spacings were determined with a Philips with the value of +5-88° found by Milburn & 
Geiger X-ray spectrometer, iron-filtered Ka radiation being Truter (1954). Thus, the three fractions described 


used. Melting points were determined in closed capillaries gphove are identified as n-tridecanoic acid (AT3), 
and are uncorrected. The optical rotation was determined ll-methyldodecanoic acid (I11) and (+)-10- 
in 1 dm. cells on the pure fractions unless otherwise stated. methyldodecanoic acid (ES 4). 


ae oe The amounts of the saturated C,, acids are 

estimated at approximately 0-1 % of the total fatty 

acids, as compared with 1:-6% of the C,; acids. 

DISCUSSION Moreover, whereas the predominant constituent of 

the C,; acids was n-pentadecanoic, in these C,, acids 

the main constituent appeared to be the 7so-acid, 

with somewhat smaller proportions of the normal 
acid and minor amounts of the ante-iso acid. 


The combustion analyses and _ saponification 
equivalents of the three fractions described (see 
Table 2) correspond to those of a saturated C,, acid. 
Fraction AI3 is identified as n-tridecanoic acid, 
because it had m.p. 41-9° which was not depressed 
when mixed with pure n-tridecanoic acid. This SUMMARY 
melting point agrees with the value of 41-76° 


(Pool & Ralston, 1942). The X-ray long spacings (+)-10-Methyldodecanoic, 11 -methyldodecanoic 
found were 29-74 for remelted material and 2nd n-tridecanoic acids have been identified in 


34-64 for specimens recrystallized from benzene. butterfat, in amounts corresponding respectively 


These agree with 30-0 and 35-34 for the C and Ato approximately 0-01, 0-05 and 0-03 % of the total 
modifications respectively, found by Francis, Piper& fatty acids. 

Malkin (1930). Slagle & Ott (1933) reported a value We are indebted to Mr M. Fieldes, Soil Bureau, Depart- 
of 34-924 for the A modification. On crystallizing ment of Scientific and Industrial Research, Wellington, 
from the melt and cooling to room temperature, we New Zealand, for the X-ray analyses reported in this 
obtained the C form (29-74) whereas, under similar _ paper. 
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acid contents of (Hartman, L., Shorland, F. B. & 
McDonald, I. R. C.) 603 

Fatty acids, branched-chain, of ox fat (Hansen, R. P., 
Shorland, F. B. & Cooke, N. J.) 547 

Fatty acids, C,,, occurrence of in butterfat (Shorland, F. B., 
Gerson, T. & Hansen, R. P.) 702 

Fatty acids, component, of fat of Aspergillus nidulans 
(Singh, J., Walker, T. K. & Meara, M. L.) 85 

Fatty acids in fat from blood, chyle and faeces, quanti- 
tative determination of different higher saturated, by 
partition chromatography on rubber (Kamer, J. H. 
van de, Pikaar, N. A., Bolssens-Frankena, A., Couvée- 
Ploeg, C. & Ginkel, L. van) 180 

Fatty acids of ox fat, branched-chain (Hansen, R. P., 
Shorland, F. B. & Cooke, N. J.) 141 

Fatty acids, volatile, separation and micro-estimation of 
from formic acid to dodecanoic acid (Kamer, J. H. van de, 
Gerritsma, K. W. & Wansink, E. J.) 174 

Ferroperoxidase, cyanide compounds of, and their re- 
versible photodissociation (Keilin, D. & Hartree, E. F.) 
153 

Fish, free amino acids of (Hodgkiss, W. & Jones, N. R.) iv 

Flavins, electrophoretic separation and determination of 
(Cerletti, P. & Siliprandi, N.) 324 

Fluorine compounds present in accumulation of pyruvate 
and citrate during growth of a vibrio (Dagley, 8. & 
Walker, J. R. L.) xv 

Folic acid, effect of on riboflavin biosynthesis by Eremo- 
thecium ashbyii (Brown, E. G., Goodwin, T. W. & Pend- 
lington, 8.) 37 

[44C]Formate labelling of bases of nucleic acids in respiring 
slices of rat tissues (Mannell, W. A. & Rossiter, R. J.) 
418 


Gadus cailarias see Codling 

Galactosamine, determination of (Rondle, C. 
Morgan, W. T. J.) 586 

Galeorhinus australis Macleay see Shark 

Gas-liquid partition chromatography (Kamer, J. H. van de, 
Gerritsma, K. W. & Wansink, E. J.) 174 

Gastric juice, proteolytic activity of (Taylor, W. H. & 
O’Brien, J. R. P.) ii 

Gelatin, mammalian, amino acid composition of (Eastoe, 
J.E.) 589 

Gene mutation, a block in arginine synthesis in Neurospora 
crassa due to (Fincham, J. R. 8. & Boylen, J. B.) xxiii 

a-Globulin, isolation of from fresh serum of Hevea brasi- 
liensis latex (Archer, B. L. & Cockbain, E. G.) 508 

Glucosamine, determination of (Rondle, C. J. M. & 
Morgan, W. T. J.) 586 

Glucose 6-phosphate dehydrogenase, levels of activity of in 
livers of rats (Glock, G. E. & McLean, P.) 390 

p-Glucose, reaction of L-histidine with (Lewin, 8.) xxv 

Glucose utilization, ‘activation’ of in rat-brain extracts by 
erythrocyte lysates and rat-muscle extracts (Long, C. & 
Thomson, A. R.) 465 

Glucose utilization by isolated rat diaphragm, effect of 
insulin on (Ottaway, J. H.) 441 


J. M. & 
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Glucose, utilization of for synthesis of protein in chicken 
and rat liver and rat hepatoma in vitro (Campbell, 
P.N.) 496 

B-Glucosidase, fluorimetric determination of (Robinson, D. 
& Williams, R. T.) v 

B-Glucosidases, barley, observations on (Manners, D. J.) xiii 

Glucuronic acid, conjugation of with toluic acids and N- 
tolylureas (Betts, J. J., Bray, H. G., Thorpe, W. V. & 
White, K.) 4 

B-Glucuronidase, fluorimetric determination of, use of 
glucuronides of umbelliferone and 4-methylumbelli- 
ferone in (Mead, J. A. R., Smith, J. N. & Williams, R. T.) 
569 

Glucuronides of umbelliferone and 4-methylumbelliferone, 
biosynthesis of, and their use in fluorimetric determina- 
tion of B-glucuronidase (Mead, J. A. R., Smith, J. N. & 
Williams, R. T.) 569 

Glutathione, effects of on potassium toxicity in rats (Cole, 
D.F.) xxi 

Glutathione in lens of rabbit eye, effect of X-rays on (Pirie, 
A., van Heyningen, R. & Flanders, P. H.) 341 

Glycine, isolation of from protein hydrolysates (Selim, 
A. 8. M., El-Wahab, M. E. A. & El-Sadr, M. M.) 177 

Glycine, precipitation of with copper picrate (Selim, 
A. S. M., El-Wahab, M. E. A. & El-Sadr, M. M.) 177 

Glycine uptake by proteins of rat pancreatic juice (Jun- 
queira, L. C. U., Hirsch, G. C. & Rothschild, H. A.) 275 

Glycine-serine interconversion, participation of pyridoxal 
phosphate in (Blakley, R. L.) 315 

Glycogen, resynthesis of by guinea pig cerebral-cortex 
slices (LeBaron, F. N.) 80 

Glycogens, action of B-amylase, muscle phosphorylase and 
potato phosphorylase on (Liddle, A. M. & Manners, 
D. J.) xii 

Glycosidases, selective inhibition of by corresponding 
aldonolactones (Conchie, J. & Levvy, G. A.) xvi 

Glyoxylic acid in groundnut plants (Webb, J. A. & 
Fowden, L.) 1 

Grass, digestibility of carbohydrates in (Barnett, A. J. G. & 
Reid, R. L.) xi 

Groundnut seedlings, changes in oxo acid concentrations 
during growth of (Webb, J. A. & Fowden, L.) 1 


Haemin, destruction of isonicotinic acid hydrazide in 
presence of (Albert, A. & Rees, C. W.) 128 

Haemoproteins, cyanide, photosensitivity of (Keilin, D. & 
Hartree, E. F.) 153 

Halogenobenzenes, metabolism of 
Park, D. V. & Williams, R. T.) 512 

Heart-muscle sarcosomes, kinetics of cytochrome action in 
(Holton, F. A.) 46 

Heart muscle, spectrophotometric studies of cytochrome 
system of (Holton, F. A.) 46 

Hepatoma proteins, rat, incorporation of [!4C]amino acids 
into in vitro (Campbell, P. N. & Stone, N. E.) xx 

Hepatoma, synthesis of protein in (Campbell, P. N.) 496 

n-Heptadecanoic acid, isolation of from shark liver oil 
(Morice, I. M. & Shorland, F. B.) 453 

Herqueinone, occurrence of in colouring matter of Peni- 
cillium herquei Bainier & Sartory (Galarraga, J. A., 
Neill, K. G. & Raistrick, H.) 456 

Hevea brasiliensis latex, proteins of (Archer, B. L. & 
Cockbain, E.G.) 508; (Archer, B. L. & Sekhar, B.C.) 503 

Hexokinase, rat-brain, ‘activation’ of by erythrocyte 
lysates and muscle extracts (Long, C. & Thomson, 
A.R.) 465 

Hexose monophosphate, preliminary investigation of 
hormonal control of oxidative pathway of (Glock, G. E. 
& McLean, P.) 390 

Hippuric acid, determination of in rabbits (El Masry, 
A. M., Smith, J. N. & Williams, R. T.) i 

L-Histidine, reaction of with D-glucose (Lewin, 8S.) xxv 


(Jondorf, W. R., 
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Hormones, effects of on levels of oxidized and reduced 
diphosphopyridine nucleotide and triphosphopyridine 
nucleotide in liver and diaphragm (Glock, G. E. & 
McLean, P.) 397 

Housefly, adult, absorption and metabolism of [*4C]pyre- 
throids by in vivo (Winteringham, F. P. W., Harrison, A. 
& Bridges, P. M.) 359 

Hyaluronic complex of bovine synovial fluid, nature of 
protein in (Curtain, C. C.) 688 

Hydrogen ions, effect of redox dyes on active transport of 
across yeast cell membrane (Conway, E. J. & Kernan, 
R. P.) 32 


Indole, formation of by oxidation of 2-(2-aminopheny])- 
ethylamine by plant amine oxidase (Mann, P. J. G. & 
Smithies, W. R.) 101 

Indoleacetic acid, production of by bacteria (Stowe, B. B.) ix 

y-(3-Indolyl)-n-butyric acid, oxidation of by peroxidase 
and manganese ions (Kenten, R. H.) 353 

B-(3-Indolyl)propionic acid, oxidation of by peroxidase and 
manganese ions (Kenten, R. H.) 353 

Inosine and adenosine nucleotides, phosphate-transfer 
reactions of (Krebs, H. A. & Hems, R.) 435 

Insulin, effect of on anaerobic metabolism of rat diaphragm 
(Ottaway, J. H.) 441 

Intestinal mucosa, calf, substrate specificity and inhibition 
of alkaline phosphatases of (Morton, R. K.) 232 

Ion-exchange resins, elution chromatography of peptides 
on (Thompson, A. R.) 253 

Isoleucine and alloisoleucine as hydrolysis products of 
bacitracin A (Lockhart, I. M., Abraham, E. P. & Newton, 
G. G. F.) 534 

Isoniazid see isoNicotinic acid hydrazide 


Keto acid levels, blood, during intoxication with inhibitors 
of carbohydrate metabolism (El Hawary, M. F.8.) 348 

a-Keto acid oxidases, inhibition of by diethyltin dichloride 
(Aldridge, W. N. & Cremer, J. E.) 406 

Ketosteroids related to cholesterol, use of polarography in 
examination of (Robertson, D. M.) 681 

Kidney, concentration of oxidized and reduced coenzymes 
in (Glock, G. E. & McLean, P.) 388 

Kinetics of reaction of chymotrypsin with acetyl-L-phenyl- 
alanine ethyl ester (Hammond, B. R. & Gutfreund, H.) 
187 


Lactase in mammary gland (Heyworth, R. & Bacon, 
J.S8. D.) 224 

Lactobacillus arabinosus, pantothenylglycine as substitute 
for pantothenic acid in growth of (Pierpoint, W. S%., 
Hughes, D. E., Baddiley, J. & Mathias, A. P.) 190 

Lactobacillus arabinosus 17-5, phosphorylation of panto- 
thenic acid by (Pierpoint, W. S., Hughes, D. E., 
Baddiley, J. & Mathias, A. P.) 368 

Lactobacillus helveticus, support of growth of by panto- 
thenate derivatives (Pierpoint, W. S., Hughes, D. E., 
Baddiley, J. & Mathias, A. P.) 190 

B-Lactoglobulin, biosynthesis of (Askonas, B. A., Campbell, 
P. N., Godin, C. & Work, T. 8.) 105 

Lactose biosynthesis in metabolism of mammary-tissue 
slices (Heyworth, R. & Bacon, J.S. D.) 224 

Laminarin, structure of (Peat, S., Whelan, W. J., Lawley, 
H. G. & Evans, J. M.) x 

Latex of Hevea brasiliensis, proteins of (Archer, B. L. & 
Cockbain, E. G.) 508; (Archer, B. L. & Sekhar, B. C.) 
503 

Lens, changes in during formation of X-ray cataract in 
rabbits (Pirie, A., van Heyningen, R. & Flanders, 
P.H.) 341 

Leucovorin, effect of on riboflavin biosynthesis by Hremo- 
thecium ashbyii (Brown, E. G., Goodwin, T. W. & Pend- 
lington, 8.) 37 Z 
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Ligamentum nuchae, ox, elastin of (Partridge, S. M. & 


Davis, H. F.) 21; (Partridge, S. M., Davis, H. F. & 
Adair, G.8.) 11 
Lipid, faecal, of rats fed diets with low and high cholesterol 


contents, neutral fraction of (Riddell, C. & Cook, R. P.) , 
Myoglobin, cyanide compounds of, and their reversible 


657 

Lithium borohydride, value of as reagent for determination 
of C-terminal residues of peptides and proteins (Crawhall, 
J.C. & Elliott, D. F.) 264 

Liver, concentration of oxidized and reduced coenzymes in 
(Glock, G. E. & McLean, P.) 388 

Liver, effects of hormones on levels of oxidized and reduced 
diphosphopyridine nucleotide and triphosphopyridine 
nucleotide in (Glock, G. E. & McLean, P.) 397 

Liver, intact rat, incorporation of labelled phosphate into 
phosphoglycerides of (Dawson, R. M. C.) 552 

Liver in vitro, rat, preliminary investigation of products of 
metabolism of testosterone by (Ofner, P.) 287 

Liver, rat, effect of vitamin A deficiency on cholesterol 
levels of (Green, B., Lowe, J. 8. & Morton, R. A.) 447 

Liver, rat, incorporation of [!#C]amino acids into in vitro 
(Campbell, P. N. & Stone, N. E.) xx 

Liver, synthesis of protein in (Campbell, P. N.) 496 

Locust muscle, non-protein nitrogenous constituents of 
(Kermack, W. O. & Stein, J. M.) xvi 

Lycoperdon as source of active chitinase (Tracey, M. V.) 
579 

Lysates, erythrocyte, ‘activation’ of rat-brain hexokinase 
by (Long, C. & Thomson, A. R.) 465 

‘Lysine, available’, estimation of in protein concentrates 
(Carpenter, K. J. & Ellinger, G. M.) xi 

Lysine, oxidation of by plant amine oxidase (Mann, 
P. J. G. & Smithies, W. R.) 89 

Lysozyme, amino acid sequence in (Thompson, A. R.) 253 


Mammary gland, lactating, of rabbit, metabolism of 
phospholipids in (Garton, G. A.) 402 

Mammary glands, lactating, concentration of oxidized and 
reduced coenzymes in (Glock, G. E. & McLean, P.) 388 

Manganese ions, oxidation of f-(3-indolyl)propionic acid 
and y-(3-indolyl)-n-butyric acid by (Kenten, R. H.) 353 

Manganese, oxidation of by illuminated chloroplast pre- 
parations (Kenten, R. H. & Mann, P. J. G.) 279 

Meganyctiphanes norvegica, vitamin A isomer in eyes of 
(Fisher, L. R., Henry, K. M., Kon, 8. K., Plack, P. A. & 
Thompson, 8. Y.) vi 

Melezitose, origin of (Bacon, J. 8S. D. & Dickinson, B.) xv 

Membrane, yeast cell, effect of redox dyes on active 
transport of hydrogen, potassium and sodium ions across 
(Conway, E. J. & Kernan, R. P.) 32 

Mercapturic acids, formation of in rabbit (Betts, J. J., 
James, 8. P. & Thorpe, W. V.) 611 

y-Methylene-x-oxoglutaric acid in groundnut plants 
(Webb, J. A. & Fowden, L.) 1 

15-Methylhexadecanoic acid, isolation of from ox fat 
(Hansen, R. P., Shorland, F. B. & Cooke, N. J.) 141 

14-Methylpentadecanoic acid (isopalmitic acid), isolation 
of from ox perinephric fat (Hansen, R. P., Shorland, 
F. B. & Cooke, N. J.) 547 

4-Methylumbelliferone, biosynthesis of glucuronides of, 
and their use in fluorimetric determination of B-gluc- 
uronidase (Mead, J. A. R., Smith, J. N. & Williams, R. T.) 
569 

Micro-organisms, studies in biochemistry of (Galarraga, 
J. A., Neill, K. G. & Raistrick, H.) 456 

Milk, cow’s, substrate specificity and inhibition of alkaline 
phosphatases of (Morton, R. K.) 232 

Mitochondria, prevention of swelling of (Fonnesu, A. & 
Davies, R. E.) vi 

Mucoprotein, 2-carboxypyrrole from (Gottschalk, A.) 298 

Mucor racemosus, extracellular polysaccharide from 
(Hough, L. & Perry, M. B.) viii 
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Mucosal extracts, proteolytic activity of (Taylor, W. H. & 
O’Brien, J. R. P.) ii 

Musca domestica L. see Housefly 

Muscle extracts, ‘activation’ of rat-brain hexokinase by 
(Long, C. & Thomson, A. R.) 465 


photodissociation (Keilin, D. & Hartree, E. F.) 153 
Myokinase, spectrophotometric method for determination 
of (Oliver, I. T.) 116 


Naphthalene, role of 1:2-dihydronaphthalene-1:2-diol in 
metabolism of (Corner, E. D. S. & Young, L.) 132 

*Nepenthes, pitcher secretion of (Morrissey, S. & Murray, 
M.M.) xxv 

Neurospora crassa, a block in arginine synthesis in, due to 
gene mutation (Fincham, J. R. 8S. & Boylen, J. B.) xxiii 

isoNicotinic acid hydrazide, destruction of in presence of 
haemin (Albert, A. & Rees, C. W.) 128 

Nitrogen excretion in tadpoles of Xenopus laevis Daudin 
(Underhay, E. E. & Baldwin, E.) 544 

Norherqueinone, occurrence of in colouring matter of 
Penicillium herquei Bainier & Sartory (Galarraga, J. A., 
Neill, K. G. & Raistrick, H.) 456 

Nuclei, comparison of dry weights of isolated cell, deter- 
mined by chemical and interferometric methods (Hale, 
A. J. & Kay, E. R. M.) xxii 

Nucleic acids, [4C]formate labelling of bases of in respiring 
slices of rat tissues (Mannell, W. A. & Rossiter, R. J.) 
418 

Nucleotides, diphosphopyridine and triphosphopyridine, 
determination of oxidized and reduced, in animal tissues 
(Glock, G. E. & McLean, P.) 381 

Nucleotides, diphosphopyridine and triphosphopyridine, 
effects of hormones on levels of oxidized and reduced, in 
liver and diaphragm (Glock, G. E. & McLean, P.) 397 

Nucleotides, diphosphopyridine and triphosphopyridine, 
levels of oxidized and reduced, in animal tissues (Glock, 
G. E. & McLean, P.) 388 

Nucleotides, effect of on formation of phosphopyruvate 
(Bartley, W.) 555 


Ochromonas malhamensis, uptake of B,.-vitamins in (Ford, 
J. E., Gregory, M. E. & Holdsworth, E. 8.) xxiii 

Octamethyl pyrophosphoramide, inhibition of cholin- 
esterase by oxidation products of (Davison, A. N.) 203 

Oligosaccharides, synthesis of by enzyme from Agave vera 
cruz Mill (Bhatia, I. S., Satyanarayana, M. N. & Srini- 
vasan, M.) 171 

Organo-tin compounds, biochemistry of (Aldridge, W. N. 
& Cremer, J. E.) 406 

Ox fat, branched-chain fatty acids of (Hansen, R. P., 
Shorland, F. B. & Cooke, N. J.) 141, 547 

a-Oxoglutarate levels in blood of rats poisoned with in- 
hibitors of carbohydrate metabolism (El Hawary, 
M.F.8.) 348 

a-Oxoglutaric acid in groundnut plants (Webb, J. A. & 
Fowden, L.) 1 

16-Oxo-oestradiol-178, detection of in urine of pregnant 
women (Watson, E. J. D. & Marrian, G. F.) xxiv 


isoPalmitic acid see 14-Methylpentadecanoic acid 

Pancreas, inhibition of esterases of (Myers, D. K., Schotte, 
A., Boer, H. & Borsje-Bakker, H.) 521 

Pancreatic juice, rat, glycine uptake by proteins of 
(Junqueira, L. C. U., Hirsch, G. C. & Rothschild, H. A.) 
275 

Pantothenate derivatives, effect of on growth and co- 
enzyme-A synthesis in bacteria (Pierpoint, W. S., 
Hughes, D. E., Baddiley, J. & Mathias, A. P.) 190 

Pantothenic acid 4’-phosphate, biosynthesis of (Pierpoint, 
W. S., Hughes, D. E., Baddiley, J. & Mathias, A. P.) 
368 
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Pantothenic acid, phosphorylation of by Lactobacillus 
arabinosus 17-5 (Pierpoint, W. S., Hughes, D. E., 
Baddiley, J. & Mathias, A. P.) 368 

Parathion, inhibition of cholinesterase by oxidation 
products of (Davison, A. N.) 203 

Parathyroid hormone, ultrafiltration of (Davies, B. M. A. & 
Gordon, A. H.) 646 

Penicillium herquet Bainier & Sartory, colouring matters of 
(Galarraga, J. A., Neill, K. G. & Raistrick, H.) 456 

Pentachloronitrobenzene, metabolism of in rabbit (Betts, 
J. J., James, 8. P. & Thorpe, W. V.) 611 

n-Pentadecanoic acid, isolation of from shark liver oil 
(Morice, I. M. & Shorland, F. B.) 453 

Peptides, elution chromatography of, on ion-exchange 
resins (Thompson, A. R.) 253 

Peptides from partial hydrolysates of casein and B-lacto- 
globulin, techniques for separation of (Askonas, B. A., 
Campbell, P. N., Godin, C. & Work, T. 8.) 105 

Peptides, reduction of C-terminal residues of (Crawhall, 
J.C. & Elliott, D. F.) - 264 

Perinephric fat, ox, isolation of 14-methylpentadecanoic 
acid (isopalmitic acid) from (Hansen, R. P., Shorland, 
F. B. & Cooke, N. J.) 547 

Peroxidase, oxidation of £-(3-indolyl)propionic acid and 
y-(3-indolyl)-n-butyric acid by (Kenten, R. H.) 353 

Peroxidase, role of in oxidation of manganese by illumina- 
ted chloroplasts (Kenten, R. H. & Mann, P. J. G.) 279 

Phosphagens, annelid (Hobson, G. E. & Rees, K. R.) 549 

Phosphatases, alkaline, of cow’s milk and calf intestinal 
mucosa, substrate specificity and inhibition of (Morton, 
R. K.) 232 

Phosphatases, purified alkaline, action of on di- and tri- 
phosphopyridine nucleotides (Morton, R. K.) 240 

Phosphate, creatine, in muscles of annelids (Hobson, G. E. 
& Rees, K. R.) 549 

Phosphate, labelled, incorporation of into phosphoglycerides 
of intact rat liver (Dawson, R. M. C.) 552 

Phosphate-transfer reactions of adenosine and inosine 
nucleotides (Krebs, H. A. & Hems, R.) 435 

Phosphates in lens of rabbit eye, effect of X-rays on 
(Pirie, A., van Heyningen, R. & Flanders, P. H.) 
341 

6-Phosphogluconate dehydrogenase, levels of activity of in 
livers of rats (Glock, G. E. & McLean, P.) 390 

Phosphoglycerides of intact rat liver, incorporation of 
labelled phosphate into (Dawson, R. M.C.) 552 

Phosphokinase, creatine, spectrophotometric method for 
determination of (Oliver, I. T.) 116 

Phospholipids, metabolism of in lactating mammary gland 
of rabbit (Garton, G. A.) 402 

Phosphopyruvate, effect of nucleotides on formation of 
(Bartley, W.) 555 

Phosphorylase, muscle, action of on glycogens (Liddle, 
A. M. & Manners, D. J.) xii 

Phosphorylase, potato, action 
A. M. & Manners, D. J.) xii 

Phosphorylation, enzymic, studies involving (Long, C. & 
Thomson, A. R.) 465 

Phosphorylation of pantothenic acid by Lactobacillus 
arabinosus 17-5 (Pierpoint, W. 8., Hughes, D. E., 
Baddiley, J. & Mathias, A. P.) 368 

Phosphorylation, oxidative, inhibition of by triethyltin 
sulphate (Aldridge, W. N. & Cremer, J. E.) 406 

Phosphorylations in rabbit liver in vivo (Sacks, J., Kuroda, 
L. M. & Hurley, P. D.) 244 

Photodissociation, reversible, of cyanide compounds of 
ferroperoxidase and myoglobin (Keilin, D. & Hartree, 
E. F.) 153 

Phthalic acid, early intermediate formed in oxidative 
metabolism of by certain soil bacteria (Evans, W.C.) x 

Pig, oxidative metabolism of Ascaris lumbricoides from 
(Rathbone, L.) 574 
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Piperidine compounds, unsaturated, formation of in plant 
enzyme reactions (Mann, P. J. G. & Smithies, W. R.) 
89 

Placenta, goat, permeability of to sugars (Walker, D. G. & 
Warren, F. L.) xiv 

Plasma of rat, effect of vitamin A deficiency on cholesterol 
levels of (Green, B., Lowe, J. S. & Morton, R. A.) 447 

Plasmin, human and bovine, formation and properties of 
(Miillertz, S.) 424 

Plasminogen, formation and properties of activator of 
(Miillertz, 8.) 424 

Polarography, use of in examination of ketosteroids related 
to cholesterol (Robertson, D. M.) 681 

Polysaccharide, extracellular, from Mucor racemosus 
(Hough, L. & Perry, M. B.) viii 

Porphobilinogen, purification of enzyme catalysing con- 
densation of $-aminolaevulic acid to (Gibson, K. D., 
Neuberger, A. & Scott, J. J.) 618 

Porphyrin a and derivatives, absorption spectra of (Oliver, 
I. T. & Rawlinson, W. A.) 641 

Potassium ions, effect of redox dyes on active transport of 
across yeast cell membrane (Conway, E. J. & Kernan, 
R. P.) 32 

Potassium toxicity in rats, effects of glutathione on (Cole, 
D.F.) xxi 

n-Propylbenzene, «-, w-, and (w— 1)-oxidation of in rabbits 
(El Masry, A. M., Smith, J. N. & Williams, R. T.) i 

Protein concentrates, estimation of ‘available lysine’ in 
(Carpenter, K. J. & Ellinger, G. M.) xi 

Protein hydrolysates, direct isolation of glycine from 
(Selim, A. S. M., El-Wahab, M. E. A. & El-Sadr, M. M.) 
177 

Protein, relation between synthesis of deoxyribonucleic 
acid and synthesis of, in multiplication of bacteriophage 
T2 (Burton, K.) 473 

Protein, synthesis of in chicken and rat liver and rat 
hepatoma in vitro (Campbell, P. N.) 496 

Proteins and aminostilbenes, interaction of (Cheesman, 
D.F.) xix 

Proteins, biosynthesis of (Askonas, B. A., Campbell, P. N., 
Godin, C. & Work, T. 8.) 105 

Proteins, biosynthesis of by rat pancreas (Junqueira, 
L. C. U., Hirsch, G. C. & Rothschild, H. A.) 275 

Proteins of Hevea brasiliensis latex (Archer, B. L. & 
Cockbain, E. G.) 508; (Archer, B. L. & Sekhar, B. C.) 
503 

Proteins, serum, of normal human adults, group variations 
in (Smithies, O.) 629 

Protoveratrine, action of on metabolism of cerebral cortex 
(Wollenberger, A.) 68, 77 

[}4C]Pyrethroids, absorption and metabolism of by adult 
housefly in vivo (Winteringham, F. P. W., Harrison, A. 
& Bridges, P. M.) 359 

Pyridine nucleotide, estimation of (Morton, R. K.) 240 

Pyridoxal phosphate, effect of on glycine-serine intercon- 
version (Blakley, R. L.) 315 

Pyridoxal phosphate and pyridoxamine phosphate, 
enzymic interconversion of by aqueous extracts of 
Escherichia coli (Beechey, R. B. & Happold, F.C.) xx 

Pyridoxamine phosphate and pyridoxal phosphate, 
enzymic interconversion of by aqueous extracts of 
Escherichia coli (Beechey, R. B. & Happold, F. C.) xx 
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